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SUMMARY

A new process for the detoxification of aqueous phenol solutions
has been examined on a laboratory scale. Fenton's reagent (ferrous
salts/hydrogen peroxide) was used to oxidize the monohydric phenols
to polyhydric phenols and these were further oxidized either aerially
or chemically in the presence of polyamine polyelectrolytes to form
an adduct which could be removed by sedimentation. Substantial

reductions in both phenol and total organic carbon (TOC)concentrations
were achieved without the necessity to degrade the phenol to its
ultimate oxidation product, carbon dioxide.

Polyethyleneimine was the most efficient of the polyamines
studied and its efficiency increased with increasing molecular
weight.

Substituted phenols were oxidized in order to establish the
optimum conditions for the Fenton's reagent oxidation and the effect
of phenolic substituent type and substitution pattern on the rate
and extent of TOC reduction. The reaction appears to be applicable
even to highly substituted phenols provided at least one vacant
ortho position is available for hydroxylation. Continuous
variation and yield optimization experiments suggest that the adduct
is only approximately stoichiometric (with about one phenol unit
per nitrogen atom) and that the bonding between these units is

consistent with two mechanisms proposed previously for the interaction
of humic materials with amines.

xi

Although the procedure does not alone reduce the phenol
concentration to the desirable 0.1 mg/L discharge level, it does
show potential as a pre-treatment of high strength phenolic
effluents to be later processed by a biological treatment system.

CHAPTER 1

I N T R O D U C T I O N

1

1.1

PHENOL AS A POLLUTANT

Phenolic compounds in industrial effluents and receiving waters
have been the subject of increased environmental concern in the past
decade. While phenol and phenolic compounds are found at concentrations
much less than 1 mg/L in nature, industrial sources such as coal

gasification plants (Van Stone, 1972), paper pulp mills (McKague, 1981),
oil refineries (Gloyna et al., 1969; Short et al. , 1974) and other
major manufacturing processes (Klein, 1962) including agricultural
chemicals (Buhler et al.r 1973; Munrecke et al., 1974), plastics
(Nemerov, 1971) and textiles (Porter et al., 1972) produce effluents
containing phenol in the range of 10 mg/L to well over 10,000 mg/L.

A report (U.N. Food and Agriculture Organization, 1973) on
monohydric phenols and inland fisheries came to the following
conclusions concerning the toxicity of phenols to aquatic life:
(i) Phenolic wastes may adversely affect freshwater fisheries
by their direct toxicity to fish and fish-food organisms.
They exert high oxygen demand resulting in oxygen depletion
of the receiving water, and produce undesirable flavours in
the edible flesh of fish.
(ii) Phenol itself has been the most studied under laboratory
conditions and its toxicity is increased by a decrease in
dissolved-oxygen content, an increase in water salinity and
a decrease in temperature but is unaffected by variations
in pH or water hardness.
(iii) Aquatic invertebrates are more resistant than fish to phenol
poisoning.
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(iv)

Salmonids and newly hatched fish are more sensitive than

coarse fish and adults respectively.
(v) Cresols, xylenols and phenols are of similar toxicity and
the toxicity of mixtures of phenols is apparently additive.

When phenol-laden waters are purified with chlorine at the wastewater or potable water treatment plant, a variety of chlorination
products are formed. Chlorophenols are more toxic, more odoriferous, and
have a more objectionable taste than the original phenols. Various

chlorophenols are used as pesticides and are chemically related to D.D.T.
Pentachlorophenol is toxic to all forms of life and is used commercially
as a wood preservative. Current techniques for removal of phenols from
waste-water include physical/chemical processing and/or biological
decomposition.

Phenolic compounds are highly toxic and only minimal concentrations
are permitted for discharge to the sewer or to surface waters. Phenolic
compounds are biologically degradable but considerable time is required
to develop a viable population of bacteria capable of metabolising them.
In many cases it is not feasible to develop the appropriate culture

because the discharge of the phenolic compound is of variable concentrati
and discontinuous.

Treatment processes rely mainly upon oxidation reactions; for
continuous phenol discharges or low effluent concentrations biological
oxidation is feasible, whereas for erratic phenolic discharges, chemical

oxidation or physical/chemical separation is recommended. These processes
are discussed in some detail in the following section.

3

1.2

TREATMENT METHODS

1.2.1 Oxidation

Oxidative destruction of phenol may be accomplished by any of the
following treatment methods: Fenton's reagent, irradiation, molecular
oxygen, ozone and chlorine. In all of these except chlorination,
oxidation is accomplished through attack by the "OH radical.

Hydroxyl radicals may be generated by:
(i) Reduction of hydrogen peroxide by ferrous salts (Fenton's
reagent) in aqueous solution produces hydroxyl radicals,
according to the Haber-Weiss reaction (1).
Mn+ + H202 -*• Mn+1 + HO* + H0~ (1)
(ii) Molybdates as well as oxides and salts of other so-called
"peracid formers", such as titanium, vanadium, tungsten ih
the presence of hydrogen peroxide, yield hydroxyl radicals
(Dixon and Norman, 1964; Raacke-Fels et al., 1950;
Jefcoate and Norman, 1968; Bader, 1951).
(iii) Rupture of water molecules by ionizing radiations such as
X-rays, y~rays or neutrons furnishes hydroxyl radicals and
hydrogen atoms, reaction (2) (Stein and Weiss, 1951).
H20 •+ HO* + H* (2)
The hydrogen atoms then react immediately with oxygen present
in the solution producing hydroperoxy radicals, HOO".
(iv) Hydroxyl radicals are also formed by photodecomposition of
hydrogen peroxide in aqueous media (Onrura and Matsuura, 1968).
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(v) Hydroxyl radicals are formed by the hydroxide ion catalyzed
decomposition of ozone in basic solutions (Hoigne and
Bader, 1976).

1.2.1.1 Fenton's Reagent

Fenton's reagent (a mixture of Fe2+/H202) functions as a very
effective hydroxylating agent for organic substrates; its chemistry has
been reviewed by Walling (1975). The literature relating to Fenton's
reagent and similar reactions is very extensive and includes aspects as
diverse as enzyme simulation (Hamilton et al., 1966; Pandell, 1976) and
microchemical analysis (Dyagtere et al. , 1978). To maintain brevity,
mechanistic or synthetic papers will only be included where they are
relevant to the present work, i.e. the detoxification of industrial
effluents.

Within a certain range of Fe : H202 the metal ion can undergo a
one electron transfer to provide a source of highly reactive hydroxyl

radials (HO*). The mechanism for this reaction has been shown to compris
the following steps (Metelitsa, 1971):
Fe2+ + H202 •*• Fe3+ + H0~ + HO* (3)
Fe2+ + HO' + Fe3+ + H0~ (4)

H202

+

HO*

-»> HO* +

H+
Fe 2 +

+

H02*

-*•

Fe 3 +

+

H02*

t

Fe 3 +

Fe 2 +

+

H20

+
H+

(5)

B0~

-*•

+

02

H202

(6)

(7)
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Fe 3 +

+

H202

-

Fe 2 +

+

HO*

+

H+

(8)

In the presence of excess Fe2+ ions, reactions 3 and 4 occur; with
excess H202 in acid solutions (when reactions 7 and 8 can be neglected)
reactions 3, 5 and 6 occur. The *0H radical can attack a variety of
organic substrates to produce hydroxylation, dimerization and
polymerization. Two interferences have been identified:
(i) .Any ion which precipitates Fe3+ will block the reaction
e.g. PO,3(ii) Halide ions interfere by a one electron transfer with the
hydroxyl radical
*0H + Cl~ -• H0~ + CI* (Uri, 1952)

The hydroxylation and coupling reactions which Fenton's reagent can
induce in phenols occur almost exclusively at the oxygen and at the o-

p- positions on the aromatic ring. A free phenoxy radical is considered

to be the first intermediate, reaction (9) (Taylor and Battersby, 196*7

Q-OH4 O^~0=°~0=°

0 (

~ -O

The free radicals may then dinterize via C-0 or C-C bond formation. The
formation of trimeric and polymeric compounds can be formulated in the

same way. When the oxidation is slow and the concentration of phenol is
high, a free radical may attack a phenolate ion directly and this then
loses H* to give the same products as before.
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Bacon and Izzat (1966) showed that the oxidation of 2,6-dimethylphenol with Fenton's reagent gave a mixture of diphenoquinone (22%;
a coupling reaction), quinone (3%; oxygenation reaction) and polymer

(55%; coupling plus oxygenation). The exact products and their relative

proportions were highly susceptible to the catalyst used [Cu(I), Cu(Il)
Fe(II), Sn(II), Ti(III), Ti(IV), Os(VIII) and Cr (VI) were tried].

Fenton's reagent as an efficient source of free hydroxyl radicals
has been extensively studied as an oxidant of phenolic and related

compounds (Dermer and Edmison, 1957; Stein and Weiss, 1951; Wieland and
Franke, 1927; Mertz and Waters, 1949; Cosgrove and Waters, 1951;
Williams, 1960: Norman and Radda, 1962; Hamilton and Friedman, 1963;
Hamilton et al., 1966; Jefcoate et al., 1969; Maggioni and Minisci,
1977).

Attack of "electrophilic" hydroxyl radicals (Jefcoate and Norman,
1968; Wheland, 1942; Williams, 1960; Norman and Radda, 1962; Hamilton
and Friedman, 1963) produced by Fenton's reagent effects ortho- and

para- hydroxylation of phenol affording 1,2- and 1,4-dihydroxybenzenes.
When the oxidation of phenols by Fenton's reagent is performed in
an acidic medium, a change of product ratio is often observed and the
reaction can even take a different course. Thus the oxidation of
4-methylphenol with ferrous ion/hydrogen peroxide in dilute sulphuric
acid solution (Cosgrove and Waters, 1951) does not yield the expected
1,2-dihydroxy product but only dimeric compounds resulting from
oxidative coupling.
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Secondary processes, including quinone formation, are also observed
(Stein and Weiss, 1951; Mertz and Waters, 1949), because the Fe3+ ions
produced in reaction (1) form complexes with the phenols and the
ferrous-ferric system enters into oxidation-reduction processes with the
products (Stein and Weiss, 1951). In this way some ferric ion can be
again reduced to the ferrous state, thus contributing to the stationary
ferrous ion concentration in the solution. Reproducible results were
difficult to obtain, a fact also noted by Mertz and Waters (1949) in
their kinetic studies of oxidation of aromatic compounds by the free
hydroxyl radical. The final concentration of ferric ion in solution
was found to be nearly independent of the initial phenol/ferrous ion
ratio (Mertz and Waters, 1949). They conclude that a rigorous kinetic
study of phenol oxidation is too complex due in part to these secondary
oxidation-reduction processes.

However, the formation of quinones can be inhibited by the
addition of fluoride ion which removes ferric ion as complexes. Almost
complete inhibition of the oxidation resulted from the addition of 0.12 mola
sodium fluoride to the reaction solution (equivalent to a 1:2.4
ferrous ion/fluoride ion mole ratio). No 1,2 - or 1,4-dihydroxybenzenes
or quinones were detected in the reaction mixture. Using 2.5 x 10~3M
sodium fluoride (equivalent to a 1:0.05 ferrous ion/fluoride ion mole
ratio) quinone formation only was inhibited and the ratio of 1,4dihydroxybenzene to 1,2-dihydroxybenzene formed from phenol was
approximately 3:1 (Stein and Weiss, 1951), whereas in the usual Fenton's
reaction, i.e. in the presence of ferric ions produced, the formation
of 1,2-dihydroxybenzene generally exceeds that of 1,4-dihydroxybenzene
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(Dermer and Edmison, 1957; Stein and Weiss, 1951; Mertz and Waters,
1949). A further advantage of the chelation of Fe3 is that Fenton's
reagent may then be used over a wider pH range (Sangster, 1971).

In addition to the above fundamental studies, various applications

of the use of hydrogen peroxide alone (or with Fenton's type catalysts)
in the treatment of effluents have been reported. These include the
free radical oxidation of organic phosphonic acid salts in water using
hydrogen peroxide, oxygen and ultraviolet light (Mill and Gould, 1979)

and the degradation of refractory alkyl benzene sulphonates in municip

waste waters (Bishop et al., 1968). Azo and anthroquinone dyes have bee
decolourized, using Fenton's reagent (Kitao and Yahashi, 1976).

Fenton's reagent has also been effectively used to treat paint
stripping wastes containing phenol and Cr(VI) (Barnes et al., 1979).

The intermediates in the phenol oxidation reduced the Cr(VI) to Cr(III)

and, on treatment with lime, simultaneous removal of chromium and pheno
was obtained.

More specifically hydrogen peroxide/ferrous salts will oxidize
phenolic wastes over a wide range of temperature and concentration.
The reaction follows the sequence: phenol -»• 1,2-dihydroxybenzene +

1,4-dihydroxybenzene -»• dibasic acids •+• carbon dioxide + water (Fig
(Eisenhauer, 1964; Kibbel et al., 1972).

It has been demonstrated (Eisenhauer, 1964; Kibbel et al., 1972)
that the oxidation of phenol involves the intermediate formation of
1,2-dihydroxybenzene and 1,4-dihydroxybenzene (see Fig. 1) which are
then oxidized by the ferric ion, formed in equation (1), to the
corresponding quinones. These are then further degraded to dibasic

9

Fig. 1.

Mechanism of Fenton's reagent oxidation of phenol.

0
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C02+H20

C 0 2 + H20
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1.2.1.2 Irradiation

As with Fenton's reagent, hydroxylation of phenol by X-ray
irradiation of its aqueous solutions takes place exclusively in the

4- and 2- positions, the l,4-dihydroxybenzene/l,2-dihydroxybenzene ra

in the products being between 1.5 and 2 in neutral solution, and risin
to higher values (4.0 and 4.7) in acidic or alkaline media (Stein and

Weiss, 1951). Towards both extremes of the pH range quinones are forme
apparently not from, but in place of the dihydroxybenzenes. In acidic
solutions a possible mode of formation of 1,2-benzoquinone has been

envisaged (Stein and Weiss, 1951) as involving an intermediate resulti
from coupling of phenoxy and hydroperoxy radicals (reaction 10) .

X

(10)

H00

HjO

0
The photolysis of hydrogen peroxide in the presence of phenols in

V

aqueous solution can be conveniently applied for the preparative 2- an
4-hydroxylation of various phenols (Omura and Matsuura, 1968).

Irradiation with light at 253.7 nm results in the formation of 1,2- an
1,4-dihydroxybenzenes as the main products, 2-hydroxylation being
dominant. With 4-carboxy- and 4-methoxyphenols, 1,4-dihydroxybenzene
was obtained (as a result of displacement of the 4-substituent by a

hydroxyl group), in addition to the usual 1,2-dihydroxybenzene derivat
Using light over 280 nm at pH 1, 4-methylphenol did not undergo

2-hydroxylation but was converted to a mixture of dinners. The primary
reaction of the photodecomposition of hydrogen peroxide is considered
a fission of the O-O bond of the excited molecule to form two HO*
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radicals which initiate chain decomposition. Hydroxylation of phenols
by hydroxyl radicals then proceeds, most probably through the intermediate
formation of a phenoxy radical which combines with a second "OH radical
to give a 1,2- or 1,4-dihydroxy compound (Omura and Matsuura, 1968).
This mechanism would also explain the formation of dimeric coupling
products (from the phenoxy radicals). Furthermore, it is substantiated
by e.s.r. studies, which have shown that phenol and 4-methylphenol
are converted by hydroxyl radicals to the corresponding phenoxy radicals
(Dixon and Norman, 1964). The photoxidation of phenol, the methylphenols
and the dihydroxybenzenes at 253.7 nm with oxygen and other catalysts
present has been reported (Joschek and Miller, 1966). Gamma
irradiation has also been studied as a phenol removal process in effluent
treatment (Coffman and Woodbridge, 1974; Sato et al., 1978; Hashimoto
et al., 1979). Sato et al. (1978) isolated and identified a complex
series of oxidation intermediates, i.e. 1,2- and 1,4-dihydroxybenzenes,
1,4-benzoquinone, 1,2,4-trihydroxybenzene, 2,2'-dihydroxydiphenyl,

dihydroxymucondialdehyde, maleic acid and carbon dioxide. Hashimoto et al.
found the main products in the aerated solution (see Fig. 2) to be
1,2- and 1,4-dihydroxybenzene and 1,2,4-trihydroxybenzene, whilst in
the deaerated solution (Fig. 3) smaller amounts of 1,2,4-trihydroxybenzene were detected. Decomposition rates of phenol and the major
oxidation products, 1,2- and 1,4-dihydroxybenzene, were 5-6 times larger
in the aerated solution than in the deaerated.

When an aqueous solution is irradiated by ionizing radiation,
active species, such as the hydroxyl radical, hydrated electron and
hydrogen radical, are formed from water. The hydrogen radical and
hydrated electron easily react with oxygen in oxygenated solution and
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fig- 2.

Decomposition of phenol and yields of primary oxidation
products by gamma irradiation of oxygenated aqueous
solutions.
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Radiation chemical yields (G) for primary oxidation products
are indicated.
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Fig.

3.

Decomposition of phenol and yields of primary oxidation
products by gamma irradiation of deoxygenated aqueous
solutions.
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are indicated.
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the hydroxyl radical reacts with phenol mainly to form the dihydroxycyclohexadienyl radical C6H5(OH)* as follows (Hashimoto et al., 1979):
H O •*• *0H, e
2

, H*

(11)

aq

formation of active species,

C H OH + *0H -»• C H (OH) *
6

5

6 5

(12)

2

addition of *0H radical to phenol.

At low dose rates, C&H5(OH)* decays in a unimolecular process to form
phenoxy radicals C6H50", but tends to decay by a second order process
at high dose rates:

C H (OH)"
6

5

-»• C H 0* + H 0

2

6 5

(13)

2

formation of phenoxy radical.

2 C £ H c (OH):
b

b

-+ products

(14)

Z.

bimolecular termination of C H(OH)"
6

5

2

The phenoxy radical C6H50* also decays in the bimolecular process:
2 C6H50* -»• products (15)
bimolecular termination of C6H50*

C,Hc(OH)* also reacts easily with dissolved oxygen, and the oxygen adduct
6

5

2

radical decays in a first order process to form dihydroxybenzenes
(Hashimoto et al., 1979):

C6H5 (OH) ; + 02 -• C6H5 (OH) 202 (16)
C6H5(0H)202 -• CgH^ (OH)

2

+ H02 (17)

where H02 recombines to form hydrogen peroxide and oxygen. Reactions 13,
14 and 16 are competitive although reaction sixteen is much faster than
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thirteen or fourteen. The trihydroxybenzenes are formed from the oxygen
adduct of CgH,, (OH) j in the same manner as the formation of the
dihydroxybenzenes above.

Ring cleavage products are also possible from the dihydroxycyclo-

hexadienyl radical (Sato et al., 1978). The mechanism is given in Fig. 4.

On the other hand, the formation of maleic acid (Sato et al. , 1978)
suggests that the process of conversion into a lower molecular weight
compound occurs. The maleic acid is due to further degradation of a
ring-cleavage product such as dihydroxymucondialdehyde. They failed to
observe low molecular weight products other than maleic acid but found
that carbon dioxide was the ultimate product.

1.2.1.3 Molecular Oxygen

The reactions between atmospheric oxygen and phenols or their
corresponding radicals are of special interest in relation to
autoxidation and enzymic processes. When not controlled, the reaction
of oxygen with mono- and polyhydric phenols, especially in alkaline
media, gives rise to dark coloured, very complex mixtures of poorly
defined products (Mihailovic and Cekovic, 1971) e.g. black, intractable
resins are formed from 1,2,3-trihydroxybenzene, which has been used in
alkaline solution for many years to remove oxygen from gaseous systems.
However, under mild alkaline conditions, 1,2,3-trihydroxybenzene is
oxidized by oxygen to dimers and trimers (Erdtman, 1934; Nierenstein,
1915). In another study the kinetics of oxidation of phenol by molecular
oxygen at low pH and elevated temperature have been determined but no
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Fig. 4. Mechanism of ring cleavage product formation.
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product analysis was attempted (Shibaeva et al., 1969).

The highly alkaline aerial oxidation of 1,2-dihydroxybenzene
affords discrete oxidation products as well as humic material (Ettel
and Pospisil, 1957). When the oxidation of monohydric phenols is
accomplished in the presence of cupric ions and a secondary amine such

as morpholine, a rapid reaction takes place at room temperature producing
amino-substituted 1,2-quinones (Brackman and Havinga, 1955). These
reactions have been particularly studied in search of a homogeneous
catalytic system which would represent a model simulating the action
of tyrosinase, since it is known (Mihailovic and Cekovic, 1971) that
this group of copper-containing enzymes catalyses the oxidation of
phenols and 1,2-dihydroxybenzenes to 1,2-quinone derivatives. 2,6Dimethylphenol reacts with oxygen in the presence of a cuprous chlorideamine (usually pyridine) catalyst to yield a high molecular weight
linear polyphenylene ether (McNelis, 1966) and 4-methylphenols behave
similarly (Ogata and Morimoto, 1965).

Naphthalene is oxidized by oxygen in the presence of iron (II)
salts (Lindsay Smith et al., 1977) and the effect of polar substituents
on autoxidation of phenols has been studied (Moussavi, 1979).

1.2.1.4 Ozonation

Comparisons of the reactions of the hydroxyl radical and ozone
indicate a strong similarity. Ozone is well known for the treatment of
drinking water (Rice et al., 1981) and also is useful for reducing the
organic carbon level of wastewater effluents (Hewes and Davison, 1972;
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McCarthy and Smith, 1974; Peleg, 1976). The specific application of

ozonation to phenols in water has been widely studied (Eisenhauer, 196
and 1971; .Kroop, 1973; Gould and Weber, 1976; Nebel et al., 1976;
Casalini et al., 1977; Dore et al., 1978 and 1978a; Neufield and
Spinola, 1978; Niki et al., 1979).

Phenols, especially the non-chlorinated phenols, generally are
readily oxidized upon ozonation. However, initial oxidation products

been identified that still contain the aromatic ring. Continued ozonat
ruptures the aromatic ring and some carbon dioxide and water are
eventually produced. It is important to recognize, however, that

conversion of phenol to nonphenolic oxidation products requires much l

ozone than conversion of all of the phenolic compound to carbon dioxid
and water.

Eisenhauer (1968) ozonized aqueous solutions of phenol for thirty

minutes (until phenol was "destroyed" by the analytical test used) and
isolated 1,2- and 1,4-dihydroxybenzene, 1,4-benzoquinone, cis-muconic

acid, oxalic acid and fumaric acid as organic oxidation products. Afte
four moles of ozone had been consumed per mole of phenol originally

present, substantially all of the original phenol had disappeared, but
very little carbon dioxide had formed.

In later work, Eisenhauer (1971 and 1971a) showed that as ozonation

of phenol solution proceeds, no carbon dioxide is found until after 1.

moles of ozone per mole of phenol are consumed. However, after only 33
of the theoretical carbon dioxide had been produced, its production
ceased. Eisenhauer concluded that if destruction of the aromatic ring
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is sufficient to solve the particular local problem, 98% of the phenol
can be destroyed using 5 moles of ozone per mole of phenol present.
However, 67% of the original carbon present in the phenol is still
present in the form of other organic compounds that are oxidation
products of phenol.

The oxidation of phenol itself proceeds first through

dihydroxyaromatic and trihydroxyaromatic compounds and quinones (Mil
et al., 1978; Barnes, 1980) (Fig. 5). Continued ozonation breaks the
aromatic ring, forming aliphatic acids, the most stable end product
usually being oxalic acid.

Phenols with aliphatic substituents on the ring are first oxidized

to substituted benzoic acids, then to hydroxybenzoic acids, after whi
the aromatic rings are ruptured. As ozonation proceeds, the oxidized
intermediate compounds become more readily biodegradeable.

The oxidation of fourteen phenols with ozone over the pH range 4
to 10 has been studied (Hillis, 1977). Starting with 30 mg/L
concentrations and ozonizing for a range of 4 to 12 minutes, phenol
concentrations were lowered to 0.10 mg/L. However, the corresponding

chemical oxygen demand (COD) values were lowered by only 50%. This is

further evidence that oxidized organic products remain in solution at
the point where phenolic compounds are no longer detectable.
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Fig.

5.

Mechanism of ozone oxidation of phenol.
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1.2.1.5 Miscellaneous Oxidation Methods

Chlorination is a widely used technique for the pre-treatment
of either drinking water or treatment of effluents. Unfortunately a
range of chlorophenols is produced which have lower taste and odour
thresholds and are often far more toxic (Burttschell et al., 1959).

Its application to oxidation of phenolic effluents has received moderat
attention (Lee and Morris, 1962; Eisenhauer, 1964; Glabisz, 1966,
1966a, 1966b; and Smith, 1975). A more recent study has elucidated
the mechanism of over-chlorination (Smith et al., 1976) for a range of
model phenols and has shown that highly chlorinated non-phenolic
compounds are the end products. Chlorination of water with high
organic content should be avoided due to the ease with which chlorine
may be incorporated into the aromatic nucleus (Carlson et al., 1975).
This study has shown that, even at extremes of pH (i.e. 3, 7, 10)
phenol itself is readily chlorinated, whilst the electrophilic
aromatic substitution of aromatics containing "deactivating" groups
such as nitro, chloro and carbonyl is much slower. Another adverse
effect of the use of chlorination, particularly in combination with
other oxidizing treatments, is the production of haloforms. These are
produced by successive substitution of the a-hydrogens of a carbonyl
compound as follows:
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Dore et al. (1978) chose phenols and polyhydroxybenzenes in a study of

the formation and degradation of haloform precursors. These molecules
can be considered as elementary models of humic acid molecules and
they also constitute an important class of pollutants introduced

directly into the natural environment or resulting from the hydrolysi
of compounds such as organochlorine pesticides or phenoxyacetic acid

derivatives. Dore et al. (1978) showed that the direct chlorination o
phenol, 4-chlorophenol or phenoxyacetic acid did not produce
chloroform yet chlorination following ozonation of these compounds

gave organochlorine compounds in quantities dependent on the extent o

preliminary oxidation. The dihydroxybenzenes were shown to be halofor
precursors and the quantity of chloroform produced increases with
increasing oxidizing treatment.

They further conclude that it is polyhydroxylated compounds such

as 1,3,5- and 1,2,3-trihydroxybenzene which are central to the format
of chloroform (Dore et al., 1978).

Potassium permanganate was not an effective oxidizer for phenol

and created a sludge problem (Kroop, 1973). The oxidative cleavage of
1,2-dihydroxybenzene and phenol to the monoester of cis-muconic acid
was achieved by the use of copper catalysts in pyridine and alcohol

solvents (Tsuji, 1978). Copper promoted oxidations of phenols have be
reviewed (Bacon and Hill, 1965) with more recent studies being the

catalytic aqueous phase oxidation of phenols (Sadana and Katzer, 1974
Katzer et al., 1976; Borkowski, 1967).

These copper catalyzed reactions are thought to proceed via a free
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radical mechanism and although the oxidations

show

an induction

period due to the adsorption of a reaction intermediate they are used

commercially to treat heavily polluted industrial effluents (Sadana an
Katzer, 1974). A disadvantage of these systems is the energy cost to

heat ambient temperature wastewater streams to the temperature require
for effluent oxidations, typically 360-500°C (Borkowski, 1967).

The oxidation of phenols to quinones was achieved by divalent

copper nitrate (Afanas'ev et al., 1978). The reaction was accomplished
in non-aqueous solvents and therefore appears to be of limited use.

1.2.2 Biological Action

Of the various methods available for phenol removal, bio-oxidation
appears to be most attractive from an economic standpoint. In this
process the bacteria utilize the noxious phenolics as their source of
food. The organisms are not solely restricted to phenol assimilation
but may also readily utilize other phenols such as methylphenols, as

well as most other organic compounds including acids, aldehydes, alcoh
and ketones. Studies show that bio-oxidation can be carried on
successfully for loadings up to 500 mg/L for some substrates without

any adverse effects (Perrotti and Rodman, 1973). However, sudden chang

in conditions, especially an increased concentration or "shock loading
can easily prove fatal to the organisms.

The basic units of the activated sludge process are an aerobic
biological reactor followed by a solid/liquid separator. Part of the

solids are recycled and the rest is the waste product of the plant. In
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the aeration vessel (reactor) the organic matter present in the waste

water is assimilated by the bacteria which convert it to carbon dioxide,
water, by-products and more organisms. The dissolved oxygen in the
water is the source of oxygen for bacteria to carry out this oxidation.

The activated sludge process in its various forms is widely used
for the treatment of phenolic wastes and is capable of producing
effluents of less than 0.01 mg/L phenol (Benger, 1966; Neufield et al.,
1978). The conclusions reached are that activated sludge processes may
be preferable to physical-chemical processes because of higher
treatment efficiency and ease of control (Benger, 1966). In practice,
aerobic biological processes are generally limited to phenol
concentrations of 50 to 500 mg/L, however, much higher levels in coal
gasification plant wastewaters have been successfully treated (Neufield
et al., 1978).

High concentrations of phenols of the order of several thousand

mg/L under fairly constant loading conditions can be reduced to effluent
concentrations of less than 0.5 mg/L with the activated sludge process
(Adams, 1974; Holladay et al., 1978). The degradation by-products may
contribute substantial concentrations of soluble biochemical oxygen
demand (BOD) to the final effluent. Consequently, the phenol may be
reduced to levels less than 0.1 mg/L but soluble BOD levels as high as
15-30 mg/L may still be present (Adams, 1974). Specific phenol

metabolising bacteria can be used to seed a biological reactor to establ
or maintain a high degree of phenol oxidation (Holladay et al., 1978).
Both free floating and fixed film reactors have been used, although
fluidized bed bioreactors appear to be very successful (Kroop, 1973).
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Holladay et al. (1978) have determined the relative magnitudes of
phenol degradation rates to be: fluidized bioreactor > packed bed >
continuously stirred tank bioreactor.

As a typical example, for a phenol feed concentration of 500 mg/L,
the degradation rates (in grams phenol/L/day) were:

Continuously stirred tank bioreactor 1.02
Packed bed bioreactor 4.60
Fluidized bed bioreactor 7.50

The fluidized bed bio-reactor also gave the lowest effluent phenol
concentrations, typically 0.01 to 0.50 mg/L.

Despite the apparent high efficienty of phenol removal with the

activated sludge process, a major disadvantage of this process is the
high detention times required, of the order of twenty-six hours

(Radhakrishnan and Sinha Ray, 1974). The oxidation is also subject to
inhibition e.g. thiocyanate inhibition of phenol oxidation causes
operational problems when low phenol discharge levels are required
(Neufield and Valiknac, 1979).

Disturbances in the influent, such as the presence of inhibitory

or toxic substances or shock loading can be controlled by the continu

addition of powdered carbon to the reactor with subsequent improvemen

to the quality of the secondary effluent stream (Stadnyk and Flynn, 1
Nayar and Sylvester, 1979).

Neufield et al. (1980) have studied the anaerobic degradation of
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phenol but the rates of phenol degradation are numerically small (less
than 1% of the aerobic degradation at the same temperatures) and

concentrations must remain below 690 mg/L or substrate inhibition occ
It would appear unlikely that this process will be of practical use.

A novel method of tertiary and even secondary treatment of

industrial wastewaters and domestic sewage is the use of aquatic plan

to oxygenate the water and to remove nutrients. Scirpus lacustris, an

emergent plant is capable of metabolising complex organic substances

as phenols (Mitchell, 1978). This is clearly of considerable use as a
means of treating industrial wastewaters. Wolverton et al. (1976)
postulated that 0.4 ha of water hyacinth has the potential to remove

68 kg of phenol every seventy-two hours and 120 g of heavy metals, su
as cadmium, lead and mercury every twenty-four hours.

1.2.3 Adsorption from Aqueous Solutions

Adsorption may be defined as the accumulation of dissolved particles
from a solvent onto the surface of an adsorbent. Because it is a
surface phenomenon good adsorbents have high surface areas and hence
porous substances are desirable.

1.2.3.1 Activated Carbon

Activated carbon is an effective adsorbent for the treatment of

potable and industrial waste-waters (Tebbutt and Jawad Bahiah, 1977).
However, the use of this adsorbent may be limited by the costs of
regenerating the activated charcoal. For most applications, thermal
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regeneration of the activated carbon is the method chosen because of the
high binding energies between the organics and the adsorbent. The
thermal regeneration leads to the destruction of the adsorbate, the

loss of carbon, and the lowering of the carbon capacity for subsequen
cycles.

Use of granular activated carbon for phenolic waste-waters had
been applied to the wood preserving, coke oven, petroleum and other

industries (Kroop, 1973). Chemical regeneration (solvent or alkali) f
recovery and re-use is possible. The capacity for phenol removal was

found to be 0.4 g of phenol per gram of carbon. The adsorption is mos
effective under slightly acidic conditions (pH 4-6). Kroop (1973)

demonstrated that 89% recovery of the adsorbed phenol was achieved wi
2.5 bed volumes of hot 50% sodium hydroxide solution.

•An alternative approach is the use of liquid solvents. In a
method for establishing the drinking water standard for organic

compounds, organics are adsorbed by granular activated carbon and the

extracted from the dried carbon by chloroform and ethyl alcohol (Buel

et al., 1973 and 1973a). However, carefully defined experiments showe

that the rate of desorption of phenol from activated carbon by a numb

of liquid solvents is low and the percent of adsorbate removal is als

low (Pahl et al., 1973). Slow desorption rates imply long contact tim
and incomplete regeneration decreases the adsorbent capacity for
subsequent adsorption cycles. Both limitations are detrimental for a

practical water-treating process. Complete treatment of phenol has be
achieved for concentrated and partially treated coal gasification
effluents using a coal-char formed in a fluidized bed gasification
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process (Johnson et al., 1977). Activated carbon adsorption is a viable
treatment provided the phenol load is not high and there are not
significant amounts of competitive organic compounds (Barnes, 1980).

There is now a growing realization that surface area alone cannot

be used as a single criterion for the adsorptive capacity of activated

carbon because in many cases it is the nature of the carbon surface an
not its magnitude which determines its adsorption characteristics
(Mahajan et aJ., 1978). A recent study of phenol adsorption on porous
and non-porous carbons has shown that phenol uptake decreases sharply

on surface oxidation by ammonium persulphate. This is attributed to th
increased acidity of the carbon surface (Mahajan et al., 1980).

Progressive elimination of chemisorbed oxygen from the oxidized carbon
increases the phenol adsorptive capacity. This is achieved by heat
treatment in nitrogen at 950°C followed by further treatment with

hydrogen at 300°C. It was also shown that, at any given phenol concentration, activated carbons are more effective adsorbents than
commercial ion-exchange resins (Mahajan et al., 1980).

Carbon-sulphur compounds have been evaluated as solvent-regenerable
adsorbents for the removal of phenol and other aromatics (Chang and
Savage, 1981). In comparison with conventional activated carbon it
was shown that the carbon-sulphur adsorbent has a greater adsorption
capacity and maintains this even at low influent concentrations and

higher flow rates, yet ease of solvent regeneration is still maintaine
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1.2.3.2 Polymeric Adsorbents

Anion exchange resins have been studied extensively for possible
use as phenol adsorbents (Gustafson et al., 1968; Crook et al., 1975;

Sedl et al., 1975; Jorgensen, 1976; Kunin, 1976; Chriswell et al., 1977;
and Farrier et al., 1979).

A regeneration process has been developed which recovers valuable
adsorbates (Fox, 1978) by solvent extraction of the resin. The
Amberlite polymeric adsorbents are believed to remove aromatics by
physical adsorption; van der Waal's forces weakly bind the phenols to
the macroreticular resin structure, thus allowing the phenols to be
easily recovered by solvent regeneration of the resin (Paleos, 1969;
Farrier et al., 1979). Although economically attractive, these
adsorbents have only low capacity and they therefore require frequent
regeneration.

Phenol is also adsorbed by N-vinyl-2-pyrollidone polymer (PVP)
(Koshelev and Orlov, 1977; Carpenter et al., 1976). The former study

has concentrated on the thermodynamics of interaction but in non-aqueou

systems whilst Carpenter et al. (1976) have examined PVP as an analytic
aid for the separation and concentration of phenolic materials from
dilute aqueous solutions. The interaction is partly due to hydrogen
bonding and the interaction of the amide group of the polymer with the
aromatic TT-electrons.

Poly(4-vinylpyridine) in resin form shows considerable adsorption

of phenol, 2,6-dimethylphenol and 2,6-dinitrophenol from dilute aqueous
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solution (Tsuchida and Nishikawa, 1977). The adsorption varied with the
state of the polymer in solution and its chemical environment e.g.
adsorption was greater for a low cross linked polymer and it increased
with increasing pH.

Polyethyleneimine resin has been shown to adsorb dyes, chromate anion
and some metallic cations from aqueous solution (Sasaki et al., 1980).

1.2.4 Miscellaneous Methods

Counter-current extraction has been a widely used treatment method
with benzene, "light oil" and "benzol" being the most common solvents
(Kiezyk and Mackay, 1971). The recovery of phenol from the solvent is
usually achieved by a second extraction with aqueous sodium hydroxide
solution. Concern for solvent losses has been slight since these
solvents are readily available from coking operations.

Initially counter-current spray systems were used in which the weak
liquor was finely dispersed through orifices giving removal
efficiencies of 90 to 95%. To reduce the capital cost and improve
efficiency, mechanical mixing of the phenolic liquor and solvent with

gravitational decanters was introduced (Carbone, 1961). Treated effluent
average 60 mg/L, representing 95 to 98% efficiency. Similar separations
were achieved with packed towers.

Developments in extractions have led to more efficient contacting
devices, such as centrifugal and rotating disc contactors and removal
efficiencies of 98.8 and 99.9% respectively have been achieved (Kiezyk
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and Mackay, 1971).

Solvent extraction appears useful only as a preconcentrator since

selective solvents or complex extraction systems must be used to impro
removal efficiencies (Kiezyk and Mackay, 1973; Korenman and
Bortnikova, 1977).

A recent study (Klemetson and Scharbow, 1979) examined the
feasibility of utilizing hyperfiltration (reverse osmosis) or ultrafiltration to reduce the phenolic concentrations in the waste-water
effluents from a coal gasification plant. In their laboratory scale

experiment the best phenol removal was achieved at pH 10 at a pressure

of 950 p.s.i. and utilizing a zirconium oxide-polyacrylic acid membran
on carbon supports.

Previous studies of the oxidation of phenol with Fenton's reagent
relied on ultraviolet absorption to follow the progress of the
reaction. Given the broad nature of ultraviolet absorption bands,
peaks due to reaction products such as 1,2- and 1,4-dihydroxybenzenes
would give rise to absorption maxima at least partially overlapping
the phenol band. Furthermore, hyperchromic effects would occur as

the aromatic ring became progressively substituted with hydroxyl group
and the increased absorptivity of the reaction products would tend to
mask the disappearance of the absorption peak of the original phenol.

Thus, although previous investigations of the oxidation of phenol have
been quite extensive, the validity and scope of the data obtained was

limited by the inadequate analytical techniques then available. Recent

developments in high performance liquid chromatography (HPLC) afforded
an opportunity to re-investigate the oxidation of phenol by Fenton's
reagent by enabling quantitative analysis of not just residual phenol
but also of reaction products from the decomposition of phenol.
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HPLC

was chosen to separate and quantitate the products in

preference to gas liquid chromatography(GLC) for the following reasons

(a) high sensitivity was not required since initial phenol concentrati
of 2.5 x 10"3M were employed and the HPLC method developed had limits

detection for phenol and 1,2-dihydroxybenzene of around lmg/L (^ 10~5M

(b) Sample preparation was simpler for HPLC analysis than for gas
chromatographic analysis. With the aqueous mobile phases used samples
could be injected directly instead of having to first extract the
reaction mixture with an organic solvent, then dry and derivatise the
extract prior to GLC analysis. It was planned to quench the reaction
mixture with sodium sulphite, filter it and then inject an aliquot
directly into the HPLC sample loop.

Fenton's reagent was chosen for this work in preference to other
phenol removal processes because it had the potential of satisfying
the following criteria:
(i) highly efficient at phenol removal
(ii) relatively economical
(iii) low in toxicity and produces non-toxic decomposition
products
(iv) simple to use.
Each of the other treatment methods surveyed with the exception of
biological oxidation fails to meet one or more of the above criteria.
For instance, chlorine and ozone are toxic in themselves and chlorine
produces undesirable chlorophenols.
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Ozone is known to be more effective for phenol oxidation than
chlorine (Black and Christman, 1963) but prohibitive power costs
restrict its use to applications where electricity is economical.
Hi11is (1977) reduced phenol concentrations of 30mg/L to O.lmg/L by

ozonolysis but reduced the chemical oxidation demand of the solutions
by only 50%. Considering the low initial strength of the solutions

compared with many industrial effluents, the large consumption of ozo
and the low reduction in TOC is clearly unsatisfactory for a viable
treatment process. Chlorine dioxide, while being more effective than

chlorine at high pH values, is generally too expensive for routine wa
treatment problems (Black and Christman, 1963). Those workers noted
that while chlorine dioxide is effective at removal of colour there
was no corresponding oxidation of organic matter to carbon dioxide
and water. Thus it is conceivable that treated solutions would still

have high TOC and COD values. On an industrial scale, the engineering
requirements to effect oxidation by these methods, as well as by
radiolysis, would be extensive. Where conditions of land density and

effluent characteristics are suitable, biological oxidation is extrem
cost effective but the process is very adversely affected by shock

loadings and a chemical pre-treatment of the effluent such as by Fent
reagent, was worthy of investigation.

Two additional possibilities justified a further study of Fenton's
reagent oxidation of phenols and these related to the hitherto
unexplored oxidation of phenols in the presence of polyelectrolytes.

The first possibility was that the intermediate aromatic free radical
which form during the Fenton's reagent oxidation might couple to the

polyelectrolyte chains by covalent bond formation and subsequently be
removed by sedimentation of the polyelectrolyte - aromatic adduct by

floe formation with suspended particles already present in the efflue
or added in low concentration to it.
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The second possibility related to a previously observed interaction

between polyelectrolytes and humic material whereby the humic material

precipitates spontaneously from solution (Narkis and Rebhum, 1975; Gla

and Edzwald, 1979). As mentioned earlier, Fenton's reagent can convert
phenol into polyhydroxy, polymeric compounds via oxidative coupling

(Bacon and Izzat, 1966) and these are structurally similar to naturall

occurring humic material (Mikhailovic and Cekovic, 1971). The possibil
of removing phenol oxidation products via precipitation of early
members of the oxidation sequence (in contrast to complete oxidation
to carbon dioxide) would greatly reduce the consumption of hydrogen

peroxide and so enhance the economics of an effluent treatment process
using Fenton's reagent.
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1.3

CHEMISTRY OF 1,2-DIHYDROXYBENZENE, 1.2-BENZOQUINONE AND HUMIC

SUBSTANCES.

1.3.1 1,2-dihydroxybenzene and 1,2-benzoquinone

Stein and Weiss (1951) noted that irradiation of phenol solutions
with X-rays rather than the use of Fenton's reagent gave more reliable
and reproducible results. Acid or alkaline solutions containing
dissolved oxygen developed, when irradiated, a yellow or red colour
respectively. In alkaline solutions, this colour formation could not
be entirely separated from the process of autoxidation of the 1,2- and

1,4-dihydroxybenzene present, which proceed readily at these pH values;

nevertheless, comparison of unirradiated and irradiated alkaline sample

which had been exposed to oxygen for the same length of time, showed th
red colour to arise mainly from the radiation treatment. Phenol

solutions irradiated at neutral pH give an ultraviolet spectrum consist
with a mixture of 1,2- and 1,4-dihydroxybenzene whereas acid solutions
give a spectrum which indicates the presence of quinones. This
observation was confirmed by comparing the ultraviolet absorbtion

spectra obtained from authentic 1,2-benzoquinone treated with 1,2-diam
benzene and the irradiated solution treated with 1,2-diaminobenzene.
The presence of 1,2-benzoquinone was further confirmed by repeating an

enzymatic oxidation of phenol at neutral pH which produces 1,2-benzoqui
and treating this solution with 1,2-diaminobenzene. The colour formed
in the irradiated acid solutions could be discharged by adding sulphur
dioxide to the acid or after neutralized solution; thereafter 1,4- and
1,2-dihydroxybenzene were shown to be present, the ratio of 1,4 to 1,2
being about 4. Acid solutions of phenol irradiated in the absence of

air remained colourless, but again the ratio was about 4. They conclude
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that oxidation of phenol in acid solution proceeds to predominantly
1,2-benzoquinone without the intermediate formation of dihydroxybenzene.
When the 1,2-benzoquinone / 1,2-diaminobenzene solutions had the pH
increased to neutral the fluorescence disappeared, the colour changed
to yellow and a precipitate appeared, with concentrated reaction
mixtures a precipitate appeared, even in acid solutions (Stein and
Weiss, 1951).

The classical method of preparation of 1,2-benzoquinone is
the silver oxide oxidation of 1,2-dihydroxybenzene in dry ether
(Cason, 1948).

He suggests that all

benzene in water

oxidations of

1,2-dihydroxy-

failed due to the decomposition of 1,2-benzoquinone.

1,2-Benzoquinone can exit either in the quinone form (I) or the
peroxide form (II) (Heilbron and Bunbury, 1943).

A*p
(i)

on

red

colourless

Heating and cooling effects the change of red to colourless and
the cycle can be repeated many times but no explanation has been
provided (Horspool, 1969).

The quinone form (I) exists as light red

prisms which are non-volatile and decompose at 60-70° or on standing.
It is also decomposed by water + sulphur dioxide, etc. to form 1,2dihydroxybenzene but is soluble in benzene, ether and acetone
apparently without decomposition. The peroxide form (II) exists as
colourless prisms which are only moderately soluble in ether and are
rapidly changed back to the quinone form.

Treatment with sulphur dioxide

produced 1,2-dihydroxybenzene as in the case of the quinone form (I).
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1,2- and 1,4-dihydroxybenzene are converted by most oxidizing

agents to the corresponding 1,2- and 1,4-quinones, respectively (Sch
1 and 2) which, depending on reaction conditions, can either be
isolated or react further, particularly with nucleophilic reactants.
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In Scheme 2 the initial step consists of a one-electron transfer

with formation of a semiquinone radical which has usually a sufficient
long life-time Iin alkaline solution (pathway A) in the form of the
symmetrically resonance stabilized anion (5) and in acidic solution

(pathway B) as the cation (6)], that it can be detected and characteri
by titration, spectroscopically or by e.s.r. measurements (Mihailovic
and Cekovic, 1971).

Controlled oxidation of 1,2-dihydroxybenzene (1), Scheme 1, and

1,4-dihydroxybenzene (3), Scheme 3, with alkaline ferricyanide affords
the corresponding benzoquinones (2 and 7, respectively) which can
then be converted, by nucleophilic attack of hydroxide ions, to
hydroxybenzoquinones (Stone and Waters, 1965).

Scheme 3

OH

A^H OH'
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0
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Lead tetraacetate rapidly and quantitatively oxidizes 1,2- and
1,4-dihydroxybenzenes to the corresponding quinones (Criegee, 1965)
and even quinones with very high oxidation potentials can be prepared
this way.

Peracetic acid in acetic acid attacks preferentially the 2-
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positions of phenol and 4-substituted phenols, which are converted
(Scheme 4), probably through 1,2-quinones, to the corresponding cis,
cis muconic acids (phenol gives, in addition, some 1,4-benzoquinone)
(Boeseken et al., 1935).

Scheme 4
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This reaction is not of great preparative value since these acids
«

easily undergo further reaction such as cyclization to lactones and
hydroxylation (Mihailovic and Cekovic, 1971). The use of oxygen or
alkaline peroxide gives mixtures of 1,2- and 1,4-xjuinones (Buben and
Pospisil, 1967) (Scheme 5).

Scheme 5
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Of particular interest in 1,2-dihydroxybenzene oxidations is the

method developed by Horner and Duerckheimer (1959) where tetrasubstitut
1,2-benzoquinones having high oxidation potential are used to convert
1,2-dihydroxybenzenes to the corresponding quinones. The position of
equilibrium on introduction of a 2-hydroxy-substituent with respect
to the biphenyl-l,2-quinones is solvent dependent (Musso and Pietsch,
1967).

Scheme 6

In dioxane the diphenoquinone is favoured but in methanol the
tautomeric 1,2-quinone is present (Scheme 6).

Treatment of monoethers of 1,2-dihydroxybenzene and 1,4-dihydroxybenzene with sodium periodate (NalO^) in aqueous solution or in 80%
acetic acid leads mainly to oxidative removal of the ether substituent
with formation of 1,2- and 1,4-benzoquinone, respectively, and the
corresponding alcohol (Adler and Magnusson, 1959) (Scheme 7).

The formation of methanol was found to be complete in a few minutes.

During this time about one mole of periodate per mole of 2 -methoxyphen

was consumed, and the solution acquired a dark-red colour indicating th
formation of 1,2-benzoquinone.
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Scheme 7
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This initial reaction was followed by further periodate consumption

at a lower rate and cis,cis-muconic acid was isolated from the brownis
solution finally obtained. In the aqueous solvents used the oxidative

cleavage of 1,2-benzoquinone is accompanied by a competitive decompos
(polymerisation). It has been possible, however, to isolate 1,2-

benzoquinone in good yield by rapidly extracting the freshly prepared,
dark-red aqueous mixture of guaicol and periodate with methylene
chloride.

The oxidative demethylation of the monomethyl ethers of 1,2- and
1,4-dihydroxybenzenes by sodium periodate in 0 ie-water affords labelled
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1,2- and 1,4-benzoquinones respectively (and methanol without 0 l e ) ,
whereas unlabelled quinones are obtained from 1,2- or 1,4-dihydroxybenzene under the same conditions (Adler et al., 1962) (Scheme 8).

Scheme 8
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The periodate oxidation of 1,2-dihydroxybenzene in aqueous solution
in the presence of zinc acetate led to the formation of insoluble,
dark green complexes derived from two molecules of the quinone and
one atom of zinc (Bu'Lock and Harley-Mason, 1951).

By oxidizing 1,2-dihydroxybenzene in acetone solution rather than dry

benzene or ether two molecules of the initially formed 1,2-benzoquinone
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undergo a Diels-Alder type addition (Scheme 9) to produce the yellow
crystalline dimer (Harley-Mason and Laird, 1958).

Scheme 9

Atmospheric oxidation and electron spin resonance (e.s.r.) has been used
examine the 1,2-dihydroxybenzene oxidation (Hewgill et al., 1964).
In alkaline solution, 1,2-dihydroxybenzene soon turns dark on exposure
to the air and yields a complex mixture formerly thought to consist of
decomposition products of 1,2-benzoquinone.

Actually the anion of 1,2-dihydroxybenzene first oxidizes to the

mesomeric radical (II) which can be identified by characteristic features
of the hyperfine structure of its e.s.r. spectrum (Waters, 1964). Soon,
however, this spectrum decreases in intensity as, in its place, a
second e.s.r. spectrum, which can be identified as that of the radical
(VI), appears. This second radical has a life-time of several hours,
but eventually it oxidizes to the stable yellow quinone (VTI) which can
be isolated from the reaction mixture (Scheme 10).
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Scheme 10
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1.3.2 Humic Substances

Complex polymers of the humic acid type are often the main
products of either the chemical oxidation of 1,2-dihydroxybenzene and
1,4-dihydroxybenzene (Mihailovic and Cekovic, 1971) or the aerial
oxidation of 1,2-dihydroxybenzene (Ettel and Pospisil, 1957). The
chemical characterization of humic material, has been the subject of

intense research and one aspect has been the synthesis of humic materia
and subsequent comparison of the product with carefully fractionated
humic material of natural origin. Lindguist and Bergman, (1966) used
the technique of differential spectrophotometry to examine differences
between naturally occurring and synthetic humic material. It was shown

that 1,2-dihydroxybenzene oxidized with silver oxide in aqueous solutio
produced a spectrum similar to those of the natural brown humic acids
studied. Goh and Stevenson (1971) using infrared spectroscopy showed
that the polymeric material produced when 1,2-dihydroxybenzene was

oxidized in the presence of glycine by silver oxide also had a similari
to soil humic and fulvic acids. They also demonstrated that the mild
oxidation of humic acids with hydrogen peroxide produces the lower
molecular weight fulvic acids.

Cheshire et al. (1968) prepared black amorphous products in 47%

yield from the aerial alkaline polymerization of 1,2- and 1,4-benzoquin

Elemental analysis of these materials gave C, 58.65; H3.3% and C, 59.6 ;
H 2.7% respectively. These materials together with humic acid, were
subject to fusion with potassium hydroxide and the products in each
case were similar.
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Humic substances are amorphous, acidic, predominantly aromatic,

hydrophilic, chemically complex anionic polyelectrolytes or macromolec
Their molecular weights range from a few hundred to tens of thousands
(Schnitzer and Kahn, 1972).

The chemical nature of humic substances has been the subject of much
study (Schnitzer, 1976). They are of colloidal dimensions 3.5-10 nm

(Black and Christman, 1963) and because of their ionisable carboxyl an

phenolic groups, both their charge density and configuration in soluti
are affected by pH. At low pH, humic acid and fulvic acid tend to
aggregate, forming elongated fibres and bundles of fibres. The

aggregation appears to be brought about by hydrogen bonding, Van der V

forces and interactions between TT - electrons of adjacent aromatic ri
as well as by homolytic reactions between free radicals. As the pH

increases, these forces become weaker, and because of increasing ioniz

of carboxyl and phenolic groups, particles separate and begin to repel

each other electrostatically, so that the molecular arrangements becom
smaller and smaller but better oriented. Thus aggregation occurs at

low pH and dispersion at high pH, which is also the basis for separati
humic substances into humic acids and fulvic acids. Both behave like

flexible, linear, synthetic polyelectrolytes. Humic substances are not

single molecules but rather associations of molecules of microbiologic
polyphenolic, lignin and condensed lignin origins. These are the

benzenecarboxylic and phenolic acids that are the "building blocks" of

humic substances. There appear to be some differences in the strengths
of bonding between humic acids and the lower molecular weight fulvic
acids. In the higher molecular weight fractions, the "building
blocks", although made up of the same benzenecarboxylic and phenolic
acids, appear to be more complex and more stable than in fulvic acids
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(Neyroud and Schnitzer, 1974).

The increased stability of each

"building block" may arise from either more energetic linkages of
the types discussed above or from additional chemical bonding via C-0
and C-C bonds. Thus, whereas the "building blocks" in the highermolecular weight fractions may be chemically more complex than those
in lower - molecular weight ones Schnitzer (1978) believes that the
molecular forces holding the "building blocks" together are similar,
consisting mainly of hydrogen bonds, Van der Waals' forces and TT bonding.

It is noteworthy that X-ray analysis, electron microscopy and
viscosity measurements of fulvic acid point to a relatively "open",
flexible structure perforated by voids of varying dimensions that can
trap or fix organic and inorganic compounds that fit into the voids,
provided that the charges are complementary (Kodama and Schnitzer,
1967; Schnitzer and Kodama, 1975).

A partial chemical structure for fulvic acid which incorporates
the current knowledge is given in Fig 6. (Schnitzer, 1978). It is
suggested that this molecular arrangement may account for a significant
portion of the fulvic acid structure. Each of the compounds that make
up the structure was isolated from fulvic acid either without or
after chemical degradation (Ogner and Schnitzer, 1971). Bonding between
"building blocks" is by hydrogen-bonds, which makes the structure
flexible, permits the "building blocks" to aggregate and disperse
reversibly, depending on pH, ionic strength etc., and also allows the
fulvic acid to react with inorganic and organic soil constituents either
via oxygen-containing functional groups on the large external and
internal surfaces, or by trapping them in internal voids.
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A partial chemical structure for fulvic acid.
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1.4

INTERACTION OF HUMIC SUBSTANCES WITH POLYELECTROLYTES AND AMINES

Narkis and Rebhun (1975) have investigated the mechanism of

flocculation in the presence of humic substances. Humic and fulvic acids
are anionic polyelectrolytes at neutral and alkaline pH values. They
react chemically, by means of charge neutralization, with cationic
polyelectrolytes. The interactions between polyelectrolytes of opposite
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charge usually give rise to strong association complexes that form
precipitates (Fuoss and Sadek, 1949; Josephs and Feitelson, 1963).

The distribution of charge in solutions of a simple electrolyte and a
polyelectrolyte, respectively is not the same. In the solution of a

simple electrolyte, charge distribution is uniform, whereas the struc
of polyelectrolyte molecules leads to the formation of localized

regions of high-charge density in the vicinity of each polymer molecu

This leads to strong electrostatic interactions between polyanion and
polycation.

When low doses of polycation are added to solutions of humic or
fulvic acids, the latter are present in excess. In this case each

polycation molecule acts as a centre around which the polyanion chain
(parts or segments, of which react with the polycation) form an
envelope. Colloidal particles are thus produced and form a stable
dispersion.

In the underdose region the reaction product appears as a
colloidal dispersion that cannot be separated by centrifuging. At
higher dosage levels the flocculant becomes attached to the outer
segments of the polyanion molecules, enveloping the aggregate until

most of the charge is neutralized. In this dosage range a sharp incre

in turbidity is observed near the isoelectric point before flocculati
takes place.

Flocculation occurs as the result of the aggregation of particles
which becomes possible near the isoelectric point, and the bridging

by the polycations and polyanionic chemical groups that have not alre
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been neutralized. It can therefore be said that the removal of organic

matter from solution is essentially the result of charge neutralizatio
and bridging leads to flocculation and subsequent removal of the
reaction product. In another study, Edzwald et al. (1977) have shown
that a definite stoichiometry exists between the initial humic acid
concentration and the optimum cationic polymer dose to produce
flocculation. Jar tests using an anionic polyelectrolyte indicated
little or no chemical interaction or removal of humic acid.

The PEI molecule is highly branched (Davis, 1968) rather than
linear, with a typical structure shown in Fig. 7.

These polymer units (Dow, 1974) which have two carbons for one
nitrogen, are randomly distributed in the approximate ratios of one

primary amino nitrogen/two secondary amino nitrogens/one tertiary amin
nitrogen. This distribution gives rise to what is believed to be a
spheroid shaped molecule which is composed of many branched segments
with the tertiary amino nitrogens being the branching sites and the
primary amino nitrogens being the terminal groups of each segment.

In aqueous solutions the amino nitrogens of PEI are positively
charged
H
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> NH

+

HO

«

' > N

I
H
giving rise to its alkalinity.
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Since PEI is composed of many nitrogen atoms per molecule, there
will be a multiplicity of positive charges on each molecule. The average
number of charges per molecule (charge density) can be determined from

the position of the equilibrium above. The addition of acid will increase
the charge density and addition of base will decrease it. The degree of
protonation does not exceed 80% of the total basic nitrogen atoms due to
reduced basicity of specific amino groups as adjacent amino groups
become charged. Thus PEI can function as a cationic polyelectrolyte and
is strongly attracted to anionically charged colloids and surfaces.

Glaser and Edzwald (1979) studied the interaction of humic substances

with PEI and found that the destabilization and aggregation of humic acid
could not be explained by the classical coagulation models of charge
neutralization and/or interparticle bridging. These mechanisms were
developed for colloids with well defined solid surfaces and their
modified model follows:

At pH 5.5-6, because of the negative charge of the humic acid,
polyelectrolyte interparticle bridging is not likely due to the size and
structure of PEI but charge neutralization is significant where the
negatively charged carbonyl groups existing on the humic acid are
neutralized by the PEI cationic amino groups. This was supported by the
following:
(a) for a given polymer, the optimum dose was independent of
molecular weight.
(b) the colloid restabilizes if excess polymer is added.
(c) the optimum amine dose is proportional to the number of amine
groups per molecule.
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Aggregation occurs where alternating layers of polyelectrolyte
and humic matter are interwoven and attached to each other. Each

growing aggregate would attract more polymer or humic matter depending
on the charge at specific sites or the overall charge.

Hydrogen bonding may also be involved and has been suggested
previously in relation to interactions between PEI and phenolic and
carboxyl groups on cellulose (Nedelcheva and Stoilkov, 1976),
anionic linear polymers (Parker and Joyce, 1974) and lignin (Lautsch
et al., 1970).

The removal of colour from softwood kraft pulp bleach plant
effluent using polyamines was studied by Kisla and McKelvey (1978).
They used simple polyamines, ethylenediamine to tetraethylpentamine,
as well as PEI of molecular weight 1800. The low sodium and chloride

ion content of their precipitate showed that both localized and overal
electrical neutrality was achieved principally through association of
colour body anionic sites with PEI cation sites.

A further possible mechanism has been demonstrated in the binding

of aromatic amines to humates (see Fig. 8) (Parris, 1980). Substituted
anilines react rapidly and reversibly with humate carboxyls, possibly
by formation of imine (-C=N-) linkages (reaction 1). Subsequently
there is a slow reaction (reaction 2) (not readily reversed) which is
thought to represent 1,4 addition to quinone rings, followed by
tautomerisation (reaction 3) and oxidation (reaction 4) to give an
amino substituted quinone. Secondary aromatic amines also react with
humate, but more slowly.
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Fig.

8. Mechanism of binding of aromatic amines to humates.
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An examination of the infrared spectra of triazine - humate

complexes revealed possible ionic bonding between a positively charged

amino group on the triazine and a negatively charged carboxylate group
on the humic acid. Furthermore, hydrogen bonding could take place
between the second (nonprotonated) secondary amino group and a

carbonyl group on the humic acid. Thus, both ionic and hydrogen bondin
appear to be involved in the adsorption of triazines by humic acid
(Sullivan and Felbeck, 1968). On the basis of infrared spectra plus
carbon and nitrogen analyses, they tentatively proposed a mechanism
for the adsorption of atrazine by their humic preparation. (Fig. 9.)

1.5 INTERACTION OF PEI AND OTHER BOLYELECTROLYTES WITH OTHER SUBSTANCE

Whilst its basicity is greater than that of ammonia, PEI is a much
weaker base than the simple amines (Strazdins, 1974) and therefore

protonated PEI loses its charge more readily. Strazdins (1974) has sho
that when PEI interacts with cellulose at pH 10.3 or greater, it is

strongly and irreversibly bound, whilst the converse is true at low pH
He concluded that PEI is retained primarily through the interplay of
electrostatic and purely physical forces and that ion exchange is a
result of, and not the cause of, PEI adsorption on cellulose.

In a study of the PEI flocculation of bacteria, (Treweek and Morgan,
1977) the superior performance of high molecular weight PEI over low

molecular weight PEI was attributed to the formation of a charge mosai
on the oppositely charged bacterial surfaces whilst the smaller sized

PEI molecule was unable to neutralize the negative bacteria surface or

create these positive patches. The alignment of these positive surface
patches with negative patches on approaching cells results in strong
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Fig. 9.

Proposed mechanism for adsorption of atrazine by humic acid,
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electrostatic attraction in addition to a reduction of the double layer
interaction energies. Thus, coagulation by the low molecular weight
PEI is less effective because it is achieved through reduction of the
double layer interaction energies by adsorption.

In a study of PEI flocculation of colloidal silica (Lindquist and
Stratton, 1976) the relative importance of polymer bridging versus
electrostatic binding was shown to be pH dependent. At high pH,
polymer bridging is the dominant destabilization mechanism due to the

low cationic charge of the PEI molecule whilst at pH's below 9, charge
interaction between PEI and colloidal silica is the dominant
consideration.

The equilibrium constants for charge transfer complexes formed
between quinone and several azo polymers were shown to be larger than
those for the corresponding monomer complexes (Sugiyama and Kamagowa,
1966). Polymers used were poly-2-vinylpyridine, poly-4-vinylpyridine,

poly-2-methyl-5-vinylpyridine and poly-N-dimethylaminomethylacrylamid

of indeterminate molecular weight. The equilibrium constant for comple
formation with poly-4-vinylpyridine is larger than that for the
poly-2-vinylpyridine and it was suggested that this could be due to
steric hindrance of the polymer chain.

The hydrogen bonding interactions of aliphatic amines with
2-substituted phenols in cyclohexane have shown that hydrogen bond
formation between aliphatic amines and phenols is not inhibited by a
single 2-substitution but is prevented when both 2- positions are
substituted (Farah et al., 1979).
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The interaction of polyvinylpyrrolidone

(PVP) with various

4-X-substituted phenols (X = CH30, CH3, C2H5, H, CI, Br and N02) in

aqueous solution was examined by equilibrium dialysis (Inoue and Otsu,
1976). To determine the extent of interaction of PVP with phenol and

its 4-substituted derivatives,equilibrium dialysis was used to determ

the bonding constant. Precipitates due to complex formation were noted

for the systems of PVP with 4-ethylphenol, 4-chlorophenol, 4-bromophe
and 4-nitrophenol and precipitation begins when one molecule of these

phenols bonds to about ten monomer units of PVP. Whilst they have used
phenol and polyelectrolyte concentrations of the same order as that
used in the present study (1 x 10"3M and 2.5 x 10~3M; 5 x 10~2M and
1.4 x 10~2M, respectively) precipitate formation with PEI was not
observed unless the solutions were oxidized. The bonding constants

increase with increasing electron-withdrawing nature of the substituen
and this sequence is also identical with that of the acidity of these
phenols.

A thermodynamic study of the interaction of polyvinylpyrrolidone
with aromatic compounds (Molyneux and Frank, 1961) has shown that the

free energies of binding increase with increased aromatic size and wit
increasing number of polar groups (as in the series: phenol,
1,3-dihydroxybenzene, 1,3,5-trihydroxybenzene). Two main effects were
noted, i.e. formation of a "hydrophobic bond" and an exothermic
interaction between the polymer and the aromatic TT-electron system.

59

Inoue and Otsu (1976) suggested that electrostatic and hydrogenbonding forces were also significant. A further study was made (Inoue
and Otsu, 1976a) of the interaction between various water-soluble
polymers and 4-substituted phenols in aqueous solution. The phenols
were the same as used previously (Inoue and Otsu, 1976) with PVP,

polyethyleneimine (PEI) , polyethyleneglycol (PEG), polyacrylamide (PAM
and polymethacrylyic acid (PMAA) being studied. The polymers had
molecular weights of 360,000, 50,000-100,000, 176,000, 17,000 and
34,000 respectively. The bonding constants between phenol and these
polymers in aqueous solution decreased in the following order:

PVP > PMAA > PEI > PAM > PEG. The bonding constant of 4-nitrophenol an
PEI is the largest of all the phenol/polymer systems studied and is
three times greater than that of 4-nitrophenol and PVP. The observed

order above was in agreement with that reported from the solubility of
naphthalene, biphenyl and alkyl halides in aqueous solution of these
polymers caused by a hydrophobic bonding interaction. In this case,
therefore, a hydrophobic bonding seemed significant. The bonding
constants with 4-substituted phenols were also determined, and they
were found to be approximately correlated with Hammett o constants of
the 4-substituents in phenols. It was therefore concluded that

interactions due to electrostatic and hydrogen-bonding forces were al
important.

CHAPTER 2
DISCUSSION
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2.1

LABORATORY STUDY OF PHENOL OXIDATION WITH FENTON'S REAGENT

2.1.1 Effect of pH

The oxidation of aqueous solutions of phenol by Fenton's reagent
was examined for the pH range 2-8, with a fixed reaction time of 15
minutes. Concentrations of phenol and its oxidation products were
determined directly using high performance liquid chromatography with

ultraviolet detector and an eluant composition of methanol/O.OOlM K^PO

(2:3). The effective detection limit was 1 mg/L. As shown in Fig. 10 t

reactivity of this reagent is at a maximum around pH 2-4, and declines
vary rapidly above pH 4-5. Fenton's reagent (5.1 x 10""*M in Fe2+ and
2.36 x 10""2M in H202) reduced an initial phenol concentration of
2.5 x 10"3M to below 1 mg/L in less than 15 minutes. Under the same

conditions, the concentration of 1,2-dihydroxybenzene rises to a maxim

at pH 4.5, then declines sharply until at pH £ 5 it is not detectable.

In part this trend mirrors the increasing residual phenol concentratio

above pH 4.5. However, a substantial reduction of phenol concentration

has still occurred which suggests that 1,2-dihydroxybenzene (the initi

oxidation product) has been formed but has been rapidly oxidised to th
latter intermediates of the oxidation sequence. This conclusion is

supported by the trend in phenol and 1,2-dihydroxybenzene concentratio

at different reaction times as a function of different Fenton's reagen
dose rates (see below).

If one follows the reaction by measuring the total organic carbon
(TOC) content of the oxidised solution (i.e. the conversion of phenol

intermediates + carbon dioxide) the pH effect is still evident, but in
this case there is a distinct maximum removal at pH 3.5-4.5, which

61

Pig»10• Variation of phenol and 1,2-dihydroxybenzene
concentrations with reaction pH.

o phenol
• 1,2-dihydroxybenzene
[Fe2+]
[HO]
2 2

5.1 * 10_1,M
=

,
2.36 * 10^ 2'M

[phenol] =

2.5 * io_3M

b
i-o •

0-4

02

00

•ft

l

°-=3

5

PH

*

62

suggests that the later oxidation products are more effectively degraded
at a slightly higher pH than is optimum for the initial oxidation of
phenol (Fig.11).

Fig. 11. Residual TOC versus pH.
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The Fenton's reagent attacks aromatic substrates with eventual
elimination of H

which contributes to a rapid drop in pH as the reaction

proceeds. Jefcoate et al. (1969) noted that the pH of the solution has
a marked effect on the relative amounts of the various products formed
by the oxidation of benzene, toluene or anisole by Fenton's reagent.
For instance, at low pH toluene gives an increased proportion of bibenzyl
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compared with the methylphenols, while benzene gives an increased

proportion of phenol compared with biphenyl. We have observed that the

initial pH of the phenol solution falls rapidly unless alkali is added

throughout the oxidation reaction using an automatic titrator. It woul

appear that Jefcoate et al. (1969) based all their conclusions on resu

obtained with solutions of considerably lower pH than that stated. One
cannot use a buffer to maintain the pH since the anions in the buffer
may inhibit the Fenton's reagent oxidation (Stein and Weiss, 1951;
Eisenhauer, 1964).

When hydrogen peroxide and ferrous ammonum sulphate are reacted,
the ferrous ion is oxidized to the ferric state (Equation 1). In the
absence of phenol, the ferric ion is rapidly hydrolyzed to deposit

ferric hydroxide at pH values of 3 and above. However, in the presence
of phenol, ferric hydroxide does not precipitate during the reaction.

Eisenhauer (1964) attributed this to the reduction of the ferric ion t

the ferrous state by 1,2-dihydroxybenzene with the subsequent formatio
of 1,2-benzoquinone. Even after completion of the reaction, the
reaction mixture remains homogeneous, possibly due to complexation of

the ferric ion by a later oxidation product, muconic acid (Eisenhauer,
1964). (Fig. 1).

2.1.2 Effect of Ferrous Ammonium Sulphate (FAS):Hydrogen Peroxide Rati

At constant pH 4.0, TOC removal is a function not only of the ratio

of hydrogen peroxide to phenol, but also of the ratio of FAS to hydrog
peroxide. Fig. 12 shows the effect on TOC removal when the FAS
concentration is varied from 0 to 7.65 x 10-I*M for fixed initial
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Fig. 12. Residual TOC versus ferrous ion dose.
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hydrogen peroxide and phenol concentrations of 2.36 x 10*2M and
2.5 x 10 aM respectively, and a fixed reaction time of 20 minutes.
TOC removal increased up to Fe2 % 3 x lO^M equivalent to a molar
Fe:H202 ratio of 0.046 and levelled off for higher FAS doses.

Removal of phenol (and the consequent formation of 1,2-

dihydroxybenzene) is shown in Fig. 13. Because of the marked reduction
in reaction rate for very low ratios of ferrous ion to peroxide, a

reaction time of 60 minutes was used. The peroxide dose was reduced to
5.88 x 10""3M and the Fe2+ varied from 2.6 x lO^M - 1.28 x 10_1M.

Residual phenol concentrations fell smoothly with increasing ratios of
ferrous ammonium sulphate to hydrogen peroxide and levelled off at

^ 0.53 x 10"3M (after 20 minutes) when the molar FAS:H202 ratio reached

0.011. The formation of 1,2-dihydroxybenzene peaked at about 0.55 x 10
which was reached in 5, 15 and 45 minutes respectively for the three
decreasing FAS doses studied.

2.1.3 Effect of Fez Catalyst Source

This was studied by oxidizing phenol (and several substituted
phenols) with Fenton's reagent utilizing either ferrous sulphate or
ferrous ammonium sulphate at the same molar concentration. Fig. 14
gives the residual phenol concentrations obtained respectively for
these catalysts together with the standard deviation of replicate
ferrous ammonium sulphate oxidations (n=16) to indicate normal
experimental variation. The large standard deviations evident in this
diagram are a characteristic of free radical reactions (Taylor and

Battersby, 1967). The precision of the HPLC method used is satisfactor
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Fig. 13. Variation of phenol and 1,2-dihydroxybenzene
concentration with peroxide/ferrous ion ratio
and reaction time.
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Fi

9» 14. Effect of ferrous ion source on Fenton's reagent*
oxidation of phenol.
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phenol giving a relative standard deviation of 1% (See Table 17.
Analytical precision of HPLC analyses). Stein and Weiss'observation
that conditions which led to a moderate reaction with nitrobenzene

gave a violent reaction and non-reproducible results when applied to
phenol were confirmed (Stein and Weiss, 1951). The differences in
oxidation efficiencies are barely significant and ferrous ammonium
sulphate was chosen as the Fe2+ catalyst for the remaining work. It

should be noted that the residual phenol concentration, although les

easily measured, is a more sensitive criterion than either TOC or C0
evolution, both of which gave results which were the same within
experimental error.

2.1.4

The Effect of Air

The Fenton's reagent oxidation of phenol appears to be more
efficient at converting phenol to its oxidation products when the
oxidized solution is saturated with air (Fig. 15 and Table 1). This
is consistent with previous studies.

Eisenhauer (1964) demonstrated that oxygen, provided by bubbling
air through the reaction mixture, increased the reaction rate and
drove it further to completion. Stein and Weiss (1951) made no

reference to the effect of oxygen in their Fenton's reagent oxidatio
of phenol but noted that the presence of oxygen in their radiolysis
experiment improved the yield.
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Hashimoto et al., (1979) also found that the decomposition rates

of phenol and of the major oxidation products, 1,2- and 1,4-dihydroxyben

during <>r-irradiation were 5-6 times larger in the aerated solution tha

in the deaerated. They note that in the absence of air phenol radiolysis
gives an almost 50% yield of dimeric products (Fig. 3). This is

attributed to the ease of reaction of the dihydroxycyclohexadienyl radic

with dissolved oxygen, with the subsequent formation of the dihydroxyben
and the recombination of H02» to produce hydrogen peroxide and oxygen.
(See Equations 16 and 17).

Presumably a similar situation is possible with Fenton's reagent
oxidation of phenol under oxygenated conditions. With the use of an

excess of hydrogen peroxide over ferrous ions reactions (3), (5) and (6)
become dominant. It can be seen that the production of the hydroperoxy
radical (5) and the presence of oxygen in the solution could allow a
similar mechanism to that noted by Hashimoto et al., (1979) to occur.

Moreover it is likely that significant amounts of 1,2-benzoquinone
could be produced from the attack of the phenoxy radical by the

hydroperoxy radical (10). The maximum 1,2-dihydroxybenzene concentration

attained is comparable (1 x 10~3M) but the rate at which 1,2-dihydroxybe
is produced from phenol is faster in the aerated solution than in the

deaerated one (5 minutes or less to reach the steady state concentration
as compared with 10-15 minutes for the deaerated solution).
1,4-Dihydroxybenzene is evidently produced more slowly than 1,2dihydroxybenzene since it was detected only in the unquenched samples,
which had been allowed to react for more than one hour. This result
is surprising since the generally accepted mechanism of phenol
hydroxylation (Fig. 1) implies simultaneous production of both 1,2- and
1,4-dihydroxybenzene from phenol. The lengthy analytical procedures
employed in earlier studies (Stein and Weiss, 1951) may have provided
sufficient LlmeRsfor their mixture to react further.
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Fig.

15. Effect of aeration/deaeration on Fenton's reagent*
oxidation of phenol.
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Table 1. Fenton's reagent* oxidation of phenol under aerated (0 2 )/
deaerated (He) conditions

Mean TOC

mg/L

Time
(min)

Mean [phenol]
x 10"3M

Mean [1,2-dihydroxybenzene] xl0"3M

Mean [1,4-dihydroxybenzene]xlO~3M

He

o2

He

02

He

2.12
(±.3)

2.47
(±.2)

0.13
(±.1)

0.26
(±.2)

-

-

183
(±4)

0.96
(±.2)

2.17
(±.1)

0.92
(±.2)

0.65
(±.2)

-

-

175
(±5)

183
(±3)

0.51
(±2)

1.21
(±.2)

0.97
(±.2)

0.93
(±.2)

-

-

15

176
(±4)

176
(±4)

0.36
(±.1)

0.81
(±.2)

0.93
(±.3)

1.00
(±.1)

-

-

20

170
(±3)

176
(±4)

0.37
(±.2)

0.67
(±.2)

0.93
(±.2)

0.97
(±.1)

-

-

25

169
(±3)

177
(±3)

0.32
(±.2)

0.54
(±.1)

0.93
(±.1)

0.97
(±.2)

—

—

45

169
(±4)

177
(±3)

0.32
(±.1)

0.40
(±.05)

0.88

-

—

(±.0

0.98
(±.1)

60

165
(±3)

0.39
0.32
178
(±3) (±.05) (±.05)

0.92
(±.1)

0.98
(±.0

-

—

12h

160
(±2)

172
(±3)

0.38
0.27
(±.05) (±.05)

1.12
(±.2)

1.35
(±.2)

1.78
(±.05)

1.87
(±.05)

[phenol].

=

02

He

1

181
(±4)

182
(±3)

5

178
(±3)

10

, 02

2.5 x 10"3M

* dose rate 2: [H202] = 5.88 x 10"3M, [Fe2+]
mean and range of 3 determinations

2.1.5

1.28 x 10"*M

Optimum Reaction Time

As noted earlier, the ultimate product in the oxidative

degradation of phenol is carbon dioxide: when the concentration of carbo

dioxide no longer increases it may be assumed that reaction is complete.
Below pH 5, the evolution of carbon dioxide can be followed using an

Orion gas sensing electrode. The membrane of this electrode allows carbo
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dioxide to diffuse from the reaction mixture but excludes all other
components. Table 2 shows the maximum carbon dioxide concentration

reached and the reaction times required for oxidations run at pH 4 wit
a peroxide dose of 2.36

x

io"2M and varying doses of Fe2+. After the

carbon dioxide concentration reached a maximum value, it declined
slowly due to diffusion of carbon dioxide into the headspace. At very

low ratios of ferrous ion to peroxide, the reaction rate is much slowe
and up to 75 minutes is required for the carbon dioxide concentration
to reach a maximum value.

Table 2. Time taken to reach a maximum carbon dioxide concentration*
for varying doses of Fe 2 +
[Fe2+] x 10"'•M

Carbon dioxide (mg/L)

Time (minutes)

1.02

53±5

75±3

1.78

55±3

46±2

2.55

55±6

33±3

3.31

58±5

34±4

5.10

98±4

15±2

6.37

100±6

15±3

[H202]

=

2.36 x 10"2M

[phenol] = 2.5 x 10"3M
* mean and range of 3 determinations.

2.1.6 Effect of Dose Rate of Fenton's Reagent

Fig. 16 shows the residual TOC as a function of Fenton's reagent

dose rate (with a fixed 4:1 weight ratio of hydrogen peroxide to FAS).
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Fig. 16. Variation of TOC with Fenton's reagent dose and
reaction time.
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The residual TOC (at 30 minutes reaction time) decreases smoothly with
increasing dose rate of Fenton's reagent but levels off at approximately
150 mg/L TOC for peroxide doses greater than 100 mg/L.

Fig. 17 shows the residual phenol concentration for varying doses
of Fenton's reagent and varying reaction times. The time required to lower
the phenol concentration to < 1 mg/L increases from 5 minutes to 10
minutes as the dose rate of peroxide is reduced from 1.18 x 10~2M to
5.88 x 10~3M (with peroxide: FAS weight ratio = 8:1). At peroxide doses
of 5.88 x 10~3M and less (with peroxide: FAS = 4:1), the residual phenol
concentration exceeds 1 x 10-I,M even after 25 minutes reaction.

Eisenhauer (1964), using ultraviolet absorbance as an analytical
technique, reported optimum phenol removal with a Fenton's reagent dose
of three moles of hydrogen peroxide to one mole of ferrous ammonium
sulphate per mole of phenol. This stated ferrous ammonium sulphate
requirement is considerably greater than that determined to be optimal
in the present work (0.12 moles of ferrous ammonium sulphate per mole
of phenol as shown in Fig. 13). For comparison, the range of concentrations
of hydrogen peroxide and ferrous ion used in both studies are given
below:

Source Ferrous ammonium sulphate hydrogen peroxide [phenol]i
(moles per mole of phenol) (moles per mole of phenol) (moles per litre)
Eisenhauer, 0 1-10 0.5-9.0 5.3 x 10~"
(1964)
Present
work

0>02

_

Q 15

n.94 _ 7.10 2.5 x 10"3
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Fig.

17. Variation of phenol concentration with Fenton's
reagent dose and reaction time.
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It appears that the analytical techniques used here, namely TOC
and HPLC of individual products provide a greater degree of sensitivity
than that provided by measuring phenol disappearance by ultraviolet
spectrophotometry.

Eisenhauer's results (see Fig. 18) are given for oxidation times
of two, five and fifteen minutes only. A comparison of his data with
that of the present work (Fig. 17) shows that his optimum ratio of three
moles of hydrogen peroxide to one mole of ferrous ammonium sulphate per
mole of phenol for a two minute reaction time gave residual phenol
concentrations comparable with a ratio of 4.72 moles of hydrogen peroxide
to 0.05 moles of ferrous ammonium sulphate per mole of phenol. This
ratio corresponds to a hydrogen peroxide concentration of 1.18 x 10~2M
and a ferrous ion concentration of 1.27 x \0~hK (Fig. 17). Fig 18 shows
that at a sub-optimal peroxide dose of one mole of hydrogen peroxide
to one mole of ferrous ammonium sulphate per mole of phenol, the residual
phenol concentration is reduced to approximately 50% of the initial
concentration after seven.minutes reaction (Eisenhauer, 1964). This
reduction is of the same order as that achieved after fifteen minutes with
the lowest Fenton's reagent dose shown in Fig. 17. This ratio is 0.94
moles of hydrogen peroxide to 0.02 moles of ferrous ammonium sulphate per
mole of phenol and corresponds to the hydrogen peroxide concentration of
2.35 x 10~3M and a ferrous ion concentration of 5.1 x 10~5M (Fig. 17).

Eisenhauer, (1964) did not undertake a product analysis although
reference is made to the intense brown to black colour obtained being
due to the formation of intermediate semiquinones. This colouration
was also observed in the present work.
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F

ig« 18.

Residual phenol concentration following treatment by
Fenton's reagent (Eisenhauer, 1964)
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Fig. 19 shows the concentration of 1,2-dihydroxybenzene for an
initial phenol concentration of 2.7 x 10~3M with varying doses of
Fenton's reagent and varying reaction times. Aliquots were withdrawn
at different elapsed times and quenched with sulphite ion prior to

analysis for phenol, 1,2-dihydroxybenzene, TOC and carbon dioxide. Th

presence of 1,2-dihydroxybenzene as a reaction intermediate is clearl

demonstrated - at higher dose rates of Fenton's reagent it is rapidly

converted to later oxidation products. As the Fenton's reagent dose r

decreased, the maximum 1,2-dihydroxybenzene concentration attained at
increases and occurs at progressively longer reaction times. As the

dose is further reduced, the maximum concentration of 1,2-dihydroxybe

produced declines and it is only slightly degraded even after one hou

2.1.7 Effect of Oxidant Concentration on the Nature of the
Oxidation Products.

During the HPLC analyses which provided the data for Fig. 17 and
Fig. 19 considerable variation in solution composition was noted. In

particular, at fixed time, solutions which had been the most strongly

oxidized (Fig. 20 (a)) had only a single large peak which corresponde
to material not retained on the column. Phenol solutions which had

received milder oxidation (dose rate 2) had residual 1,2-dihydroxyben
as well as some peaks intermediate in retention time between these
peaks and the early unretained peak (Fig. 20 (b)). By increasing the

polarity of the mobile phase the polar components of these unretained
peaks are forced to remain on the column longer and hence a partial

separation was achieved (see Fig. 21). Peaks 3,5-6 and 7 were confirm

as 1,2,3-trihydroxybenzene, 1,4-dihydroxybenzene, 1,2-dihydroxybenzen
and phenol respectively.
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Fig.

19. Variation of 1,2-dihydroxybenzene concentration
with Fenton's reagent dose and reaction time.
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Fig. 20.

Effect of Fenton's reagent dose rate on solution
composition.

L

K
IJ

i
•

/ " % • •

Ct:

:*

_J <

r

Peak 1

Not identified

Peak 2

Not identified

Peak 3

1,2,3-trihydroxybenzene

Peak 4

1,2-dihydroxybenzene

Peak 5

phenol

—

i

—

4

I

.

••

•

(

.- .

-

_.

^

1

'

•_L —
_.-. —

2
A.

~r

—
1

_.

TX

_

^

.

-+•

f~—

BE

c

"f

44\

5

n

TP

—

—L

±—

u

1

~~~7T

_/i
/I
/I
U I

M

J!

—t•V

i:^s

-J
1

[H20j]

1.77xl0"2M

[H 2 0 2 ] =

5.88xlO"3M

[Fe2+]

3.83x10"^

[Fe 2 + ] -

1.28xlO""M

[PhOH]:

2.5xl0"3M

S
[PhOH]i = 2.5x10 -3i
M

81

Solutions representative of these two degrees of oxidation were
then extracted with ethyl acetate and analysed by gas chromatography/
mass spectroscopy (GC/MS). The extracted components of the mildly

oxidized solution were confirmed as phenol, 1,2- and 1,4-dihydroxybenz
and 1,2,3-trihydroxybenzene. The GC analysis of the ethyl acetate
extract from the highly oxidized solution indicated that nothing had
been extracted or silated. Solvents representing extremes of polarity
produced the same result. The solution was then freeze dried and the
dried solid silated but again, no GC peaks were detected.

Partial resolution of the early eluting peak showed it to be a

mixture of at least three components, i.e. a shoulder followed by peak
1 and 2 (see Fig. 21). Since these compounds were not retained on the

HPLC column under the original separation conditions they must be more
polar than 1,2,3-trihydroxybenzene and are presumably unsaturated

carboxylic acids formed by scission of the aromatic ring (Kibbel et al
1972; Sato et al ., 1978)..

Products, other than those found here which could result from
Fenton's reagent oxidation of phenol and which have been identified
in other oxidations of phenol, are 1,2,4-trihydroxybenzene,
2,2'-dihydroxydiphenyl, 1,2- and 1,4-benzoquinone. With the exception
of 1,2-benzoquinone it was shown by HPLC that none of these were
present in either the mildly or highly oxidized systems. The elution
sequence was found to be, in order of increasing retention time,

1,2,3-trihydroxybenzene, 1,2,4-trihydroxybenzene, 1,4-dihydroxybenzen

1,4-benzoquinone, 1,2-dihydroxybenzene, phenol and 2,2'-dihydroxydiph

1,2-benzoquinone was prepared following the method of Brockhaus, (1968

Fig. 21

Resolution of phenol oxidation products.
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This report indicated that, contrary to all other work, 1,2-benzoquinone
was stable in aqueous solution provided the pH of the solution was
maintained between 1 and 3.

1,2-dihydroxybenzene and 1,2-benzoquinone

thus prepared co-eluted and modifications to the polarity of the mobile
phase, including the use of ion-pairing reagents, failed to resolve the
two compounds. No conclusions as to the presence or absence of
1,2-benzoquinone in these solutions could therefore be made.

2.2 OXIDATION OF SUBSTITUTED PHENOLS
2.2.1 Substituent Effect and Relative Reactivity
Two parameters were selected namely residual TOC at fixed reaction
time and residual phenol concentration at fixed time and Fenton's dose
to give an indication of the reactivity of the substituted phenols.
These results are complementary since complete destruction of the initial
phenol (as indicated by absence of the relevant ultraviolet absorbance)
occurs well before complete removal of TOC. The latter is only achieved
when the phenol has been oxidized via a series of non-aromatic intermediates
to carbon dioxide (Eisenhauer, 1964).
Reaction times of the order of one or two hours were selected ,
having regard to the ultimate goal of developing a practical method for
the treatment of phenolic effluents. The data presented in Tables 3
and 4 on the basis of residual TOC provide a kinetic picture of the
susceptibility of various substrates to attack by Fenton's reagent
(Land and Ellis, 1982). The order of decreasing activity was shown to be
4-t-butylphenol, phenol, 1,4-dihydroxybenzene, 1,2-dihydroxybenzene,
2,6-dimethylphenol, 4-chloro-3,5-dimethylphenol, 4-methoxyphenol,
4-chlorophenol, 3,5-dimethylphenol, 2,4-dimethylphenol, 4-methylphenol,
4-nitrophenol, 2,4,6-trichlorophenol, 2,3,5,6-tetramethylphenol. The
change in phenol concentration after oxidation for 1 hour, at varying
dose rates, is presented in Table 5.
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Table 3. Oxidation of phenols by Fenton's reagent: effect of
substituent type on TOC reduction*
1

r-

Initial
TOC
mg/L

Phenol

Residual TOC mg/L
5 min

30 min

1 h

24 h

phenol

209±1

178+4

17214

166±3

158+4

1,2-dihydroxybenzene

187±2

170±5

163±4

16515

165+5

1,4-dihydroxybenzene

184±2

157±4

142±5

14412

139±3

4-methoxyphenol

239±2

219±3

20712

20713

197+3

4-t-butylphenol

300±1

271±4

26013

23514

183+1

4-nitrophenol

178±2

163±4

16215

16315

137+3

4-chlorophenol

174±1

15713

14613

13914

132+4

4-methylphenol

22712

22614

22813

22014

19914

* Dose rate 3. [H202]

=

1.18 x 10~2M, [Fe2+] =

2.55 x lO^M

Mean and range of 3 results

Table 4.

Oxidation of phenols by Fenton's reagent: effect of
substitution pattern on TOC reduction*
Initial
TOC
mg/L

Phenol

Residual TOC mg/L
5 min

30 min

1 h

24 h

2,4-dimethylphenol

23611

23512

236il

23614

21211

2,6-dimethylphenol

250+2

22512

21014

21313

20912

4-chloro-3,5- „
dimethyIphenol

13612

121H

11912

11611

10412

3,5-dimethyIphenol

14411

12711

12812

12112

11511

2,4,6-trichlorophenol

106H

90+3

8813

9212

9913

4912

5112

5012

4811

4011

2,3,5,6-tetramethylphenol
* Dose rate 3.

[H202]

=

1.18 x 10"2M, [Fe2+] = 2.55 x 10_lfM

Dose of Fenton's reagent reduced in proportion to lower phenol
concentration.
Mean and range of 3 results
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Table 5. Oxidation of phenols by Fenton's reagent: effect of dose
rate on phenol concentration after 60 minutes reaction.
Change in phenol concentration A[PHOH] x io~3M* with
dose rate
Phenol

Dose rate
1

Dose rate
2

Phenol

1.11.05

2.11.05

2.5§

2.5§

1,2-dihydroxybenzene

1.71.05

2.11.05

2.5§

2.5§

1,4-dihydroxybenzene

2.5§

2.5§

2.5§

2.5§

Dose rate
3

Dose rate
4

4-methoxyphenol

-

0.31.05

2.41.05

2.5§

4-t-butylphenol

-

1.81.05

2.31.05

2.5§

4-nitrophenol

1.31.2

2.11.2

2.11.2

4-chlorophenol

2.31.05

2.5§

2.5§

4-methylphenol

-

1.41.1

2.41.05

2.5§

2,6-dimethylphenol

-

0.51.1

0.61.1

0.71.1

-

0.31.1

0.71.1

0.81.1

3,5-dimethyIphenol
4-chloro-3,5-dimethyIphenol

-

-

1.21.05

-

-

-

0.61.05

-

2,4,6-trichlorophenol

-

0.41.05

-

2,3,5,6-tetramethyIphenolw

—

0.11.05

-

2,4-dimethylphenol
4+

-

—

•

* [Phenol]± = 2.5 x io~3M and A[PHOH] x io_3M is calculated as the
initial concentration minus the residual concentration. Mean and
range of 3 results.
Dose of Fenton's reagent is equivalent to dose rate 3 since these
phenols were lower in concentration.
§ Phenol not detectable at and of reaction
It was necessary to reduce dose rate 2 even further

to distinguish between phenol and 1,2-dihydroxybenzene. At this extreme

low dose no residual 1,4-dihydroxybenzene was found even after oxidatio
as short as 1 minute. Analysis of this table gives the order of
decreasing activity as 1,4-dihydroxybenzene, 1,2-dihydroxybenzene,

phenol, 4-chlorophenol, 4-t-butylphenol, 4-methylphenol, 4-nitrophenol,

4-methoxyphenol, 2,6-dimethylphenol, 3,5-dimethyIphenol, 2,4-dimethyIp

4-chloro-3,5-dimethyIphenol, 2,4,6-trichlorophenol, 2,3,5,6-tetramethy
phenol.
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Comparison of the two reactivity criteria used shows the order to
be essentially the same at extremes of activity but with several
differences at the intermediate level. The most notable differences are
shown by 4-t-butylphenol, 2,6-dimethylphenol and to a lesser extent by
4-methylphenol. Susceptibility to oxidation is greater for phenols with
electron donating substituents but declines with increasing degree of
substitution of the aromatic ring and consequently decreased opportunity
for hydroxylation.

The kinetics of Fenton's reagent oxidation of phenol has received little
study due in part to the complexity of the reaction and past reliance on

insensitive and unselective analytical techniques. Mertz and Waters (1949

using colorimetric measurements, established that the final concentration
of ferric ion is nearly independent of the initial phenol/ferrous mole
ratio. They accounted for this by the fact that 1,2-dihydroxybenzene and

its analogues reduce ferric salts to ferrous salts, but are thereby oxidi
to 1,2-quinones which are unstable in water. A further consideration is
the fact that phenol is a strong "retarder" of oxidations involving free
hydroxyl radicals, since the interchange process yields mesomeric
phenol radicals which are much less reactive than free hydroxyl radicals
(Mertz and Waters, 1949).
C6H5-0-H + -OH • C6H5- 0* + H-OH

In the present work an effort was made to fit the data obtained from

Fenton's reagent oxidation of phenol and several substituted phenols to t

first order rate equation (Fig. 22). The results show, that up to reactio
time of 25 minutes, a more or less linear relationship exists. On this
basis, the order of decreasing reactivity is shown to be phenol>
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8 ' 22 : First order rate plots of phenol decomposition by Fent on s
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1,2-dihydroxybenzene >4-methoxyphenol > 4-chlorophenol > 4-t-butylphenol;
4-nitrophenol > 4-methylphenol. These results, although not definitive,
generally agree with the observation that phenols substituted with
electron donating groups are more readily oxidized. Comparison of the

pseudo first order data for phenol obtained here with limited data abstr
from Eisenhauer, (1964) for a molar dose rate of PhOH/H202/Fe2+ of
5.3 x 10~V4.77 x 10"3/ 5.3 x 10~5M show the rate constants to be similar
in magnitude i.e. 3 x 10"3 sec

-1

(25°C) and 1.8 x 10~3 sec

_1

(20°C)

respectively.

Attempts have been made to correlate redox potentials (for
reversible systems) and relative oxidation potentials (for irreversible
systems) with the effectiveness of phenols as antioxidation inhibitors
(Fenketh, 1957; Ingold, 1961). The affinity of phenolic compounds for

oxygen can be determined by their values of oxidation potential, without
the need for a detailed study of the reaction mechanisms (Moussavi,
1979) . The relative ease of oxidation of phenol and the three
dihydroxybenzenes was correlated with respect to an apparent oxidation
potential, particularly for the irreversible systems. According to his
experiments, the ease of oxidation decreases in the following order:
1,4-dihydroxybenzene > 1,2-dihydroxybenzene > 1,3-dihydroxybenzene >
2-methyIphenol > phenol. Relative oxidation potentials for some of the
4-substituted phenols studied here are listed in Table 6 in order of
decreasing ease of oxidation.
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Table 6.

Relative oxidation potentials of phenols (E in mV) *

1

, — _

Phenol

E

phenol

+1004

J

4-nitrophenol

+924

4-chlorophenol

+653

4-t-butyIphenol

+578

4-methylphenol

+543

4-methoxyphenol

+406

—

* data from Mihailovic and Cekovic (1971)
The redox data is strictly only relevant for systems in equilibrun
and this is not the situation for the decomposition of phenols with

Fenton's reagent. Broad agreement is achieved nonetheless. The observed

order of reactivity as measured by the change in phenol concentration a

fixed time and the data provided in the two series of relative oxidatio
potentials above give essentially similar results for the ease of
oxidation.

It is noted that 1,4-dihydroxybenzene is more reactive than 1,2dihydroxybenzene which in turn is more reactive than phenol itself.
4-Methoxyphenol is the least reactive (Table 6) and this agrees with

the observed order, i.e. only the methylphenols and the heavily substit
phenols being less reactive than 4-methoxyphenol. The most notable
differences in order are that of 4-nitrophenol and phenol itself.
Nevertheless, whilst variations of reactivity are apparently due to
electronic influences what is clear from Tables 3-5 is that the number
and disposition of substituents about the ring outweighs all other
influences. Eisenhauer, (1964) has also noted qualitatively that the

greater the degree of substitution the slower the reaction rate and tha
no reaction occurred when all available positions were blocked. Methyl
substituted phenols were more resistant to oxidation than phenol.
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2.2.2

Effect of Added Polyelectrolytes

In addition to the oxidations of phenol and substituted phenols
described above, experiments were completed to determine whether the
oxidation intermediates could be oxidatively coupled or otherwise induced
to react with soluble polyelectrolytes, which could then be removed by
adsorption on a solid phase followed by sedimentation. If this was
achieved, complete oxidation to carbon dioxide would not be required for
complete removal of toxicity and BOD. Considerable savings on peroxide
costs would result from the lower peroxide doses required.

The polyelectrolytes chosen were polyvinylamine (PVAm),
polypropyleneimine (PPI), polyethyleneimine (PEI) and polyacrylamide (PAM),
and their structures are shown in Fig. 7. The latter two have been used
to flocculate silica (Lindquist and Stratton, 1976) and kaolinite/Ca2+
solutions (Holland, 1977) respectively and hence would be removed by
sedimentation. PVAm and PPI are also effectively adsorbed on to silica
(see Table 7).

Table 7. Polyelectrolyte removal* by silica
'

:

TOCi

TOCf

PVAm

33.211

2.312

PEI

33.511

3.111

PPI

39.111

2.811

Initial polyelectrolyte concentration = 60 mg/L
TOCi

=

initial TOC

TOCf

=

residual TOC following sedimentation with an equal
volume of 1% silica suspension.

* Mean and range of 3 results.
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•An exploratory experiment to compare the effectiveness of Fenton's

reagent, at neutral pH (0.05M phosphate buffer) and at low pH, on TOC
removal with PVAm and PPI showed the reaction to be inhibited by the
presence of phosphate ion. It was found that phenol oxidized by

Fenton's reagent in the presence of phosphate ion gave no precipitate
but one formed readily in solutions not containing phosphate ion.
Similarly, from examination of Table 8 there is no TOC removal from
solutions containing phosphate ion yet there is considerable removal
solutions where the phosphate ion is absent.

Concurrently with the Fenton's reagent oxidation of phenol in the

presence of these polyelectrolytes the homogeneous oxidation of pheno

by gamma irradiation was being investigated. This work was terminated

when an HPLC study of phenol and its gamma irradiation products appea

Table 8.

Fenton's reagent* oxidation of phenol/polyelectrolyte
solutions in the presence/absence of phosphate ion

Phenol TOCi = 385 mg/L
— — — — — — — — — — — — — — — - ——-

TOC f #

ATOC^

(a) PVAm Concentration (mg/L)
-PO3"

+PO 3_

-PO 3-

+PO*-

0

19211

19211

111

111

100

14012

19211

10512

111

200

10511

19611

17511

-711

300

10212

19511

18112

-511

400

9112

19411

20312

-311

500

7813

19211

229±3

1+1
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Table 8

Phenol T O ^

(Continued)

=

378 mg/L
ATOC§

T0Cf*
(b) PPI Concentration (mg/L)
-po*-

+PO*"

PO3"

+P03"

0

18211

18311

1411

1211

100

17011

184±1

3811

1011

200

160±1

186±2

5811

612

300

15111

18111

7611

16±1

400

139±2

185±1

10012

811

500

122±1

181±1

13411

1611

* [H202] =

1.18 x 10"2M

[Fe2+] =

2.55 x 1Q-*M

TOC after sedimentation with an equal volume 1% silica suspension.
E

ATOC = TOCj^ - 2 x TOCf which takes into consideration the
dilution of organic carbon by the 1% silica suspension.
Mean and range of 3 results.

in the literature (Sato et al., 1978). The major part of the planned w

was covered in this paper and a later report (Hashimoto et al. , 1979)

However, these workers did not use solutions containing polyelectrolyt
and some results from the present study of the radiolysis of phenol/
polyelectrolyte solutions are given in Table 9. It is clear that no
phenol oxidation products are removed by adsorption on silica in the

absence of polyelectrolytes, yet substantial amounts of TOC are remove
by irradiation of phenol in the presence of PVAm, PEI and to a lesser
extent PPI. No TOC removal was noted with PAM. Following irradiation,
copious quantities of black precipitate were present in the ampoules
which contained the PEI. An aliquot of this clear supernatant was

filtered, then sedimented with silica as distinct from sedimenting the

whole contents of the ampoule. There was no difference in the TOC valu

of both sedimented solutions, indicating that all the PEI added initia

had sedimented naturally in the course of the oxidation and no residua
PEI existed following irradiation.
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Table 9.

TOC removal by gamma irradiation of phenol/polyelectrolyte
solutions*
•

TOCi (mg/L)

i

AT0C#

T0Cf (mg/L)

Polyelectrolyte added
Run 1

Run 2

Run 1

Run 2

None

400

403

198

195

4

PVAm

435

436

155

143

125

13
150

PPI

439

437

192

189

55

59

PEI

434

434

160

168

124

98

PAM

433

434

229

216

-25

2

* Polyelectrolyte concentration
ATOC

=

=

Run 1

Run 2

60 mg/L.

TOC- - 2 x T0Cf which takes into consideration the
dilution of organic carbon by the 1% silica suspension.
TOC^ = initial solution TOC
TOCf = residual solution TOC

This observation was also verified when the PEI formed the same
precipitate with the oxidation products of phenol (but not with phenol
itself) when it was added either after the oxidation of the phenol
solution with Fenton's reagent or was present during this reaction.

Instead of irradiating phenol and polyelectrolyte together, a
complementary series of experiments were performed whereby an aliquot
of irradiated phenol was treated with a known concentration of the
appropriate polyelectrolyte. The pH was then adjusted by either HC1,
H,S0. or H,POk. During the initial preparation of these solutions the
Z.

H

3

H

addition of the acid induced a turbidity to the solution. This effect
was examined with aqueous solutions of the high molecular weight PEI
alone and the addition of sulphate ion in particular turned the
initially clear solution opaque and induced precipitation of the
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polyelectrolyte.

Adding dilute sulphuric acid to a PEI solution

(200mg/L and TOC = 112mg/L) induced turbidity and, after filtering,

gave a TOC reduction of 24mg/L. Using sodium sulphate at an identical
sulphate ion concentration of 10-2M, a similar turbidity was noted
and after filtration a TOC reduction of 8 mg/L was found. This
lowering of TOC due to coagulation of PEI was more pronounced with
the sulphuric acid and this is attributed to the protonation of
most of the PIE molecule to produce a small water-rich phase and a
large PEI-rich phase (Dermer and Ham, 1969). This tendency to

precipitate places an upper limit on the concentration of polyelectro

which can be employed when significant concentrations of certain anio

are also present and is analogous to an established literature on the
coagulating capacity of various salts.

Soluble organic substances can be coagulated by the addition of

neutral salt solutions. The coagulating effect of a given salt depends

on the nature of its ions, and the salts of a given metal, for instanc
can be arranged in order of their decreasing ability to precipitate
proteins from colloidal solution. The resulting arrangement is called
Hofmeister series or the lyotropic series (Bull, 1964). The order of
anions, for a given cation, is SO2" > C2H30~ > CI" > NO^ > C107 > i" >

CNS". Melander and Horvath (1977) have shown the solubility (S) in sal
solutions of molality (m) relative to the solubility in pure water S0
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can be expressed as:

N$
ln(S/S0)

=

-—

am + A G e s (m)

where $ is the reduction in the molecular surface area of the protein
upon aggregation and o is the molal surface-tension increment of the

salt and AGeg (m) expresses the corresponding electrostatic interaction
term, which is a function of salt concentration.

2.2.3 Effect of Polyelectrolyte on Nature of Phenol Oxidation Products

Examination of the HPLC traces at a fixed Fenton's reagent dose
reveals some basic similarities regardless of the substituent type.
Using the more polar mobile phase and reduced flow rate the partial

separation of the early eluting peaks (Fig. 21) can be used to determi

the effect of adding PEI to the oxidized phenol solution (Fig. 23) . i
is evident that both peaks 1 and 2 are reduced in intensity following
precipitate formation. This is confirmed by hydrolysis of the
precipitate and re-chromatographing the hydrolyzed solution (see Fig.

24) . Fig. 24 shows the HPLC traces of oxidized phenol solution and th
of the oxidized phenol/PEI precipitate obtained from a sample of the
same solution. The precipitate was dissolved in 6M HN03 and made up to

volume with triple distilled water. Clearly, the two peaks present hav
the same retention time as the early eluting peaks of the untreated
phenol solution. This is also evident from the HPLC traces after 60
minutes in Fig. 25. These peaks are better resolved here than in Fig.
and the greater efficiency of PEI at the same concentration in TOC
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g . 23.

HPLC traces of phenol oxidized* in the presence
and absence of PEI
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Fig. 24. HPLC traces of oxidized* phenol solution and a HNO.
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Fig. 25. HPLC traces of phenol oxidized in the presence of
PEI or PPI.

PEI

24h

1h

I....L.

PPI

24h

Ih
Flow rate
Sensitivity

2.0 mL/min
0.1 a.u.f.s.

[H202]
[Fe2+]
-3
5.88xlO M
1.28x10"^
Polyelectrolyte concentration
*

[PhOH]i
2.5xl0"3M
1.4 x 10"3M

Peak 1

Not identified

Peak 2

Not identified

Peak 3

1,2-dihydroxybenzene

Peak 4

phenol
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reduction is now attributed to its more complete removal of these early
peaks. Even after 1 hour's oxidation these peaks are smaller in the
case of PEI.

The HPLC traces of the phenols oxidized for one and twenty-four
hours as in Table 3 all show this apparent three component pattern of
early peaks as in Fig. 23. They all produce a black precipitate when
oxidized in the presence of 30 mg/L of PEI. Apart from a reduction in

intensity of the early eluting peaks after havina been oxidized in the
presence of PEI, no differences in the HPLC traces of the substituted
phenols oxidized in the presence or absence of PEI was noted.

Of the phenols with differing substitution pattern that were
oxidized by Fenton's reagent (Table 4) the 2,4-dimethylphenol and

2.6-dimethyIphenol both gave small single peaks of short retention tim
The 2,4,6-trichlorophenol gave no other aromatic oxidation products
whilst the 2,3,5,6-tetramethylphenol gave a single oxidation product
which eluted just prior to the phenol but well after the void volume.
The 2,4-, 2,6-, 3.5- and 4-chloro-3,5-dimethylDhenols formed

precipitates with PEI but those formed with 2,4- and 2,6-dimethylpheno
were less copious and lighter in colour than that formed with the
other phenols listed in Table 4.

The data in Table 10 show that for a given phenol the time taken to
reach the CO maxima are essentially independent of the dose rate of

Fenton's reagent but the higher the dose rate the larger the concentra
of C02 that is produced. 2,6-DimethyIphenol and 2,4-dimethylphenol
are similar in behaviour and give considerably lower COz yields than
the other phenols studied.

IOO
Table 10. Maximum C0 2 concentrations (mg/L) reached (and elapsed
time) during oxidation of some substituted phenols*
Dose rate 2

Dose rate 3

Dose rate 4

Phenol

7011(12 min)

87±1(16 min)

14512(21 min)

4-t-butylphenol

5411(55 min)

9312(50 min)

14714(48 min)

4-methoxyphenol

3611(11 min)

6611(11 min)

10513(13 min)

4-me thyphenol

1612(34 min)

3713(43 min)

8212(36 min)

4-chlorophenol

121.5(20 min)

10515(21 min)

15311(18 min)

4-nitrophenol

5.71.2(20 min)

3511(29 min)

6312(25 min)

2,6-dimethylphenol

3.0l^io min)

7.31.2(5 min)

9.011 (4 min)

2,4-dimethylphenol

2.0i^i4 min)

3.0l.l<i3 min)

3.0i.l<i5 min)

* Phenol concentration: 2.5 * 10_3M. Mean and range of 3 results.

2.2.4

TOC Reduction

When a solution of PEI was added to the phenol oxidation products,

a precipitate formed immediately. No precipitate was formed when PEI w

added to a solution of phenol itself. A similar precipitate was formed
(but much more slowly) when polypropyleneimine (PPI) was substituted

for PEI. Fig. 26 shows comparative TOC reductions achieved with PEI an

PPI respectively. The precipitates settled readily without any solid p
being added, and a substantial reduction in the TOC of the solution

resulted. Similar results were obtained when the PEI was added along w
the Fenton's reagent solutions, and so a series of experiments were

performed to establish the optimum conditions for precipitate formatio
and the effect of substituents and the substitution pattern on the
aromatic ring. Fig. 23 shows very little extra removal of TOC beyond

30 mg/L PEI so this was chosen for all subsequent oxidations. Tables 1
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Fig. 26. Fenton's reagent oxidation of phenol plus polyamines.

[Fe2+ ]

* [H202]
1.18x10"2M

0 PPI
0 PEI

2.55x10"-M

1.4 x 10" 3M

1.4 x 10" 3M
[Phenol]i = 2 .5xl0"3M

180 ••!

160-

H0-

120

time (min)

60

12h
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i9- 27. Optimum PEI dose to lower TOC of phenol oxidized with
Fenton's reagent

[Fe2+]

[H202]
*

1.18xlO"2M

2.55xlO""M

Reaction time 24 h
[Phenol] i

80
20

AO

60

[PElJ mg/L

80

= 2.5xlO"3M

100
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Table 11. Treatment of phenols with Fenton's reagent plus PEI:
effect of substituent type on TOC reduction*
1

.

— — ^ — — —

Initial
TOC
mg/L

Phenol

Final
TOC
mg/L

ATOC* at

5 min

30 min

1 h

24 h

phenol

22712

4012

2812

2312

6012

9811

1,2-dihydroxybenzene

20411

5313

4413

32+3

8713

7913

1,4-dihydroxybenzene

20112

1013

7+3

713

2413

11413

4-methoxyphenol

25612

015

-815

015

4415

15415

4-t-butylphenol

31711

3612

2712

2912

512

17812

4-nitrophenol

19512

-1114

814

1314

1514

12214

4-chlorophenol

19111

2812

2212

2912

3512

96+2

4-methylphenol

24412

1013

3913

4013

4213

147±3

[Fe2+] =

2.55X10""M.

——— —— —
——
—— — — _ _ _ _ _ ^ ^ _ _ _ _ _ _ t

'

* [H202] = 1.18xlO~2M ;
ATOC

=

residual TOC of phenol solution oxidized with Fenton's
reagent (Table 3) minus residual TOC of phenol solution
treated with Fenton's reagent and 30 mg/L PEI.
Mean and range of 3 results

Table 12. Treatment of phenols with Fenton's reagent plus PEI:
effect of substitution pattern on TOC reduction*
Initial
TOC
mg/L

Phenol

ATOC* at
5 min

30 min

1 h

24 h

Final
TOC
mg/L

2,6-dimethylphenol

26712

-1513

-3013

-2413

-2013

22913

2,4-dimethylphenol

25311

-2115

-815

-1015

015

21115

3,5-dimethyIphenol^

14412

+1013

+1213

+513

+1013

10613

4-chloro-3,5- .
dimethyIphenol

13612

+3213

+3813

+3613

+3713

6713

11411

-1612

-812

-312

-412

9612

68 ±2

-17 ±2

-16 ±2 -2212 -21 ±2

6012

s
2,4,6-trichlorophenolJ
2,3,5,6-tetramethylphenol
* [H202] =
ATOC

=

1.18xl0"3M ; [Fe2+] =

2.55x10"^.

residual TOC of phenol solution oxidized with Fenton's
reagent (Table 4) minus residual TOC of phenol solution
treated with Fenton's reagent and 30 mg/L PEI.

Dose of Fenton's reagent reduced in proportion to lower phenol
concentration.
Mean and range of 3 results.
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and 12 show the results for a group of phenols, using a fixed Fenton's
reagent composition (Fe:H202 = 0.046) with dose rates of 2.4-7.1 molar
equivalents of hydrogen peroxide. The effect of substituent type was
explored using the following 4-substituted phenols: 4-methylphenol,
4-nitrophenol, 4-chlorophenol, 4-methoxyphenol, 4-t-butylphenol. Each
of these phenols has both the 2- and 6- positions available for
hydroxylation (Table 11).

The effect of substitution pattern was examined (Table 12) by

oxidizing the following phenols: 2,6-dimethylphenol (2- and 6- positio
blocked therefore hydroxylation at the 4- position followed by
hydroxylation adjacent to the introduced hydroxyl is required to
generate a 1,2-dihydroxy structure); 2,4-dimethylphenol (4- position
and the 2- position blocked therefore only a single hydroxyl need be

introduced to create the 1,2-dihydroxy structure, but only one site is

available for this hydroxylation); 3,5-dimethylphenol (4- position and

2- and 6- positions free thus hydroxylation at either the 2- or the 6-

position forms the 1,2-dihydroxy structure); 4-chloro-3,5-dimethyIphe
(4- position blocked and 2- and 6- positions both free);

2,4,6-trichlorophenol and 2,3,5,6-tetramethyIphenol (no 1,2-dihydrox
derivative can be formed).

Examination of the data in Tables 11 and 12 indicates that TOC

removals decline with increasing degree of substitution but an electro
effect also exists, as is evident from the comparison of the TOC
removals of 4-chloro-3,5-dimethyIphenol and 3,5-dimethylphenol.

Following the identification of 1,2-dihydroxybenzene and
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1,4-dihydroxybenzene as oxidation products, each of these dihydroxybenzenes was oxidized in the presence of varying amounts of PEI to

determine whether the removal process was more efficient starting with

an intermediate product rather than with phenol itself. The TOC result

of these oxidations are given in Figs. 28-30 for 60 minute experiments
and Figs. 31-33 for the 24 hour runs. The absolute removals are
greatest for the more highly oxidized solutions but considerable

amounts of carbon dioxide are produced in oxidations with dose rate 4,
and the overall reduction in TOC is inflated by this. The removals
decrease in each case in the order 1,2-dihydroxybenzene >
1,4-dihydroxybenzene > phenol, pointing to the importance of

1,2-dihydroxybenzene (or the 1,2-dihydroxy function) in the formation
of the precipitate. This is despite the extreme reactivity of
1,4-dihydroxybenzene (in the absence of PEI) as noted earlier. A
continuous variation experiment, whereby aliquots of a solution of
1,2-dihydroxybenzene (previously oxidized and then quenched with
sodium sulphite) were dosed with increasing amounts of PEI up to
100 mg/L, is shown in Fig. 34. This demonstrates that very little

extra reduction in TOC is achieved for PEI doses in excess of 40 mg/L.

2.3 AERIAL OXIDATION OF POLYPHENOLS IN THE PRESENCE OF PEI

As shown earlier, one key requirement for precipitate formation
appears to be a substitution pattern which allows the formation of a
1,2-dihydroxybenzene and oxidation products derived from it. Similar
precipitates are produced when aqueous phenol/PEI solutions are
subjected to oxidation by gamma irradiation.

Sato et al. (1978) have reported the following compounds present
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Fig-
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Residual TOC versus [PEI] : dose rate 2, 1 hour
reaction time
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Fig. 29. Residual TOC versus [PEI] : dose rate 3, 1 hour
> reaction time
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Fig. 30. Residual TOC versus [PEI] : dose rate 4, 1 hour
reaction time
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Residual TOC versus [PEI] : dose rate 2, 24 hour
reaction time

250

[H 2 0 2 ]

[Fe 2+ ]

5.88xl0~3M

1.28xlO"3M

A [phenol]i

=

2.5xl0~3M

• [1,4-dihydroxybenzene]i = 2.4xlO~3M
• [1,2-dihydroxybenzene]i - 2.5xlO~3M
PEI present during reaction

200

i
8
150

100

50
20

^0

60

[PB] mg/L

80

100

110

Fig. 32. Residual TOC versus [PEI] : dose rate 3, 24 hour
reaction time
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Fig. 34. Residual TOC versus [PEI] of previously oxidized
, 1,2-dihydroxybenzene solution
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after gamma-irradiation of aqueous phenol solutions: phenol,
1,2-dihydroxybenzene, 1,4-dihydroxybenzene, 1,4-benzoquinone,

1,2,4-trihydroxybenzene, maleic acid, 2,2'-dihydroxydiphenyl and seve
compounds not positively identified. One of these unknowns was
tentatively identified as 3-dihydroxymucondialdehyde, the second was

thought to be an aliphatic acid or aldehyde, and no information was gi

for the third. This component remained in major amounts in the aqueous

phase after ether extraction of non-polar compounds indicating its ver
polar nature.

2.5 x 10"3M solutions of each of the above compounds with the
exception of maleic acid, 3-dihydroxymucondialdehyde, 2,2'-dihydroxy-

diphenyl and 1,2,4-trihydroxybenzene were tested with varying doses of
PEI to see if any precipitate formed. No precipitate was noted in any
of the test solutions.

Solutions of phenol and some of its polyhydroxybenzene derivatives
were then aerially oxidized in the presence of 60 mg/L of PEI for 12

hours at pH 8.5. Following aeration, the phenol and 1,3-dihydroxybenze
test solutions appeared unchanged. The 1,2-dihydroxybenzene test
solution had a dark precipitate present which settled readily. The
1,2-dihydroxybenzene/PEI precipitate was present after 12 hours, the
1,2,3-trihydroxybenzene/PEI precipitate formed after standing for a
further 12 hours. The remaining polyhydroxybenzene/PEI solutions were

dark and turbid but with no true precipitate apparent even after stand
for 3 days. Filtration of these turbid solutions through a 0.45 urn
membrane gave a relatively clear filtrate and a dark residue which
remained on the filter. Considerable reduction in TOC was evident
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following aeration,except in the phenol and 1,3-dihydroxybenzene test
solutions.

Subsequent to testing PEI with phenol, 1,2-dihydroxybenzene,
1,3-dihydroxybenzene, 1,4-dihydroxybenzene, 1,4-benzoquinone,
1,2,3-trihydroxybenzene and 1,3,5-trihydroxybenzene, the two phenols
2,2'-dihydroxydiphenyl and 1,2,4-trihydroxybenzene became available
and were tested. The 2,2'-dihydroxydiphenyl was tested at a concentration
half that of the others due to its lack of water solubility. The
1,2,4-trihydroxybenzene produced a precipitate but the 2,2'-dihydroxydiphenyl did not. The combined results of these aeration experiments are
given in Table 13.

Table 13. TOC reduction after aeration of polyhydroxyphenols in
presence of PEI*
Initial TOC of
solution (mg/L)

Phenol

Final TOC of
solution (mg/L)

ATOC^

Phenol

22H2

218±2

+312

1,2-dihydroxybenzene

16U1

13412

+2712

1,3-dihydroxybenzene

200l2

20413

-413

1,4-dihydroxybenzene

212+3

15313

+5913

1,2,3-trihydroxybenzene

278+2

17712

+10112

1,3,5-trihydroxybenzene

20513

17313

+3213

2,2'-dihydroxydiphenyl

16812

16412

+412

1,2,4-trihydroxybenzene

22812

11213

H1613

* [PEI]
ATOC

=
=

50 mg/L. Mean and range of three results.
TOC± - TOCf.

Settleable precipitates produced.
+

[Phenol]
[Phenol]

=
=

2.5 x io_3M
1.25 x 10"3M.
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Apart from phenol, 1,3-dihydroxybenzene and 2,2'-dihydroxydiphenyl

the residual TOC was significantly lower for the remaining polyhydrox
benzenes after aeration and filtration.

The effect of molecular weight of the PEI on TOC removal from

aerially oxidized 1,2-dihydroxybenzene solutions was explored at thre

different pH values (4, 7, 9) by adding varying doses of each molecul

weight PEI. TOC results for the filtered samples are presented in Fig

35, and this shows that the reduction in TOC improves with increasing
molecular weight of the PEI.

The optimum dose rate was 20-30 mg/L for all three polymers. When
this dose is exceeded for the 600 and 1800 molecular weight PEI, the
residual TOC increases sharply. With the high molecular weight PEI

(6 x 101*) , excess polyamine produces only a slight increase in resi

TOC, which remains well below that of the oxidized 1,2-dihydroxybenze
solution alone.

The high molecular weight PEI is also much less sensitive to sub-

optimal solution pH (PEI 600 reduces the TOC at pH 7 but no reduction

is achieved at pH 4 or 9) . PEI 1800 is effective at both pH 7 and pH

but more so at pH 7. The high molecular weight PEI gives almost ident

TOC removals at pH 7 and pH 9 over the whole dose range (10-100 mg/L)

and even at pH 4 for dose rates £ 40 mg/L. For all three polyamines t

residual TOC increases in proportion to the amount of PEI added up to
10-20 mg/L; beyond this dose a sharp reduction in TOC is noted. This

shows that a critical dose of PEI must be reached before it interacts

the 1 2-dihydroxybenzene oxidation products to give an insoluble addu
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Fig. 3 5. TOC variation of aerially oxidized 1,2-dihydroxybenzene/
PEI solutions after filtration.
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T h e s u p e r i o r i t y o f the high m o l e c u l a r w e i g h t PEI in T O C reduction
of aerated 1,2-dihydroxybenzene solutions is confirmed by the TOC results
after sedimentation with silica suspension (Fig. 36). The TOC values
have been corrected for dilution by the aqueous silica suspension and
therefore can be compared directly with the TOC values of Fig. 35. At
all pH's studied the high molecular weight PEI gave significantly better

TOC removals than PEI 1800 or 600.

In an aerobic system, the Fenton's reagent or irradiation is only
required to introduce the second hydroxyl group; aerial oxidation is
sufficient thereafter. Two discrete aerial oxidation products from
1,2-dihydroxybenzene (2,5-dihydroxy-l,4-benzoquinone and 2,3-diketobenzodioxin) gave precipitates with PEI and point to the importance of a
1,2- or 1,4-dihydroxy function capable of oxidation to a quinone. The
former quinone is prepared by aerial oxidation or by hydrogen peroxide
oxidation of a highly alkaline methanol solution of 1,2-dihydroxybenzene

(Ettel and Pospisil, 1957). The latter is obtained when dimethylsulphoxide
is used as solvent (Hewgill et al., 1964) or else by iodate oxidation
of aqueous 1,2-dihydroxybenzene (Forsyth et al., 1960) or by oxidation
of phenol with benzeneselenic anhydride (Barton et al., 1981). To
investigate the possibility of 1,2-benzoquinone interacting with PEI to

form a precipitate,a chloroform extract, obtained from the eerie ion oxid

of aqueous acidic 1,2-dihydroxybenzene solution (Brockhaus, 1968), was sha
with 100 mg/L PEI solution. Precipitate formation was observed after the
aqueous phase was acidified to pH 2.5 with dilute sulphuric acid. In a

parallel experiment, the acidification of 100 mg/L PEI solution to pH 2.5
with dilute sulphuric acid produced a slight turbidity, as discussed
earlier, but no settleable precipitate was noted.
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Fig. 36

TOC variation of aerially oxidized 1,2-dihydroxybenzene/
PEI solutions after sedimentation with 1% silica
suspension.
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A comparison of TOC removal at moderately alkaline pH (8.5)
and highly alkaline pH (11.0) was made (Table 14). The TOC values
quoted refer to solutions which were adjusted to pH 7 after the
aerial oxidation.

Sedimentation with silica suspension of samples

taken at the same times as the filtered samples above indicated no
residual PEI present.
Table 14. Aeration of 1,2-dihydroxybenzene and PEI (50 mg/L):
TOC results*
TOC (mg/l)
pH 11.0

pH 8.5

Initial TOC

215±2

215+2

30 min.

123±3

143+3

60 min.

124±3

142+4

12 h.

135+1

131±2

30 min.

9612

10912

60 min.

9812

2nd PEI dose added

-

* Values quoted are the mean and range of two replicate oxidations.

For the pH 11.0 oxidations, although the solution turned dark and turb
even after a few minutes aeration, no precipitate formed. When the pH
was reduced to 7.2 by addition of dilute sulphuric acid, copious
precipitates were formed. These were allowed to settle for 12 hours
before filtration and TOC analysis. For a given reaction time, the
reduction in TOC was slightly greater for the highly alkaline aerial
oxidation than for the oxidation at pH 8.5. When the supernatant from
the 12 hour oxidation was filtered and treated with another dose of
PEI (50 mg/L) and aerially oxidized further, more precipitate formed.
Again the pH 11.0 aeration was slightly more efficient at TOC reduction
than that at pH 8.5.

The limited additional reduction in TOC

(135*98 mg/L) following a fresh addition of PEI (50 mg/L) and the
identity of the 30 min. and 60 min. aeration results suggest a mass
action effect on a solution which had already been substantially
oxidized to the quinone during the previous 12h. aeration.
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The data obtained for the aeration of 1,2-dihydroxybenzene indicate

the optimum PEI dose is 20-30 mg/L (Fig. 34), with only small additiona

TOC reductions with increasing doses of PEI. This differs from the data
presented in Figs. 28-33 for the chemical oxidation of phenol, 1,2dihydroxybenzene and 1,4-dihydroxybenzene in the presence of PEI
concentrations up to 100 mg/L. No limiting level of PEI is reached

with the Fenton's reagent oxidation; in fact there is a linear relation
i.e. the more PEI present the more TOC removal is observed. These
differences can be explained by consideration of the following:
(i) aerial oxidation of 1,2-dihydroxybenzene can only produce
1,2-benzoquinone (or humic substances)
(ii) chemical oxidation can produce unstable aryloxy free radical
intermediates, 1,2-benzoquinone and 1,4-benzoquinone and further
oxidation products in the sequence (Fig. 1).
(iii) the enhanced reduction in TOC obtained by chemical oxidation
of the phenol in the presence of PEI suggest that free radical
coupling of aromatic species contributes to the formation of
a precipitate withi PEI. Florin et al. (1968) reported that
free hydroxyl radical attack on PEI produces a PEI radical
(CH2NCH2). Such a free radical could serve as a radical trap
for the aryloxy radicals produced during the early stages of
degradation of phenol by Fenton's reagent. Because the formation
of aryloxy radicals precedes the formation of quinones (Fig. 1),
it follows that coupling of these to a PEI - derived free radical
would not only afford a further mechanistic pathway for adduct
formation, but would also require less consumption of hydrogen
peroxide and hence give a greater TOC reduction for a given dose
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rate of Fenton's reagent.

The greater the concentration of

PEI, the greater the probability that a nitrogen free radical
can form and interact with an aryl free radical. Hence the
trend of increasing reduction in TOC with increasing PEI doses
for a given dose of Fenton's reagent, provided the PEI is present
at the outset.
(iv) Further evidence for a radical coupling mechanism to account,
in part, for adduct formation can be found by comparing the
TOC of phenol solutions which have been oxidised with Fenton's
reagent
(a) with the PEI being present at the outset
(b) with the PEI being added after the oxidation
For (a), the relevant example is found in the oxidation of
1,2-dihydroxybenzene (Fig. 31), where a 27% reduction in TOC
was achieved. For (b), a Fenton's reagent oxidation (Fig. 34)
gave a 17% reduction and, for two separate experiments,
aerial oxidation gave a 16% reduction (Table 13 and Fig. 35
at pH 7, PEI 40,000-60,000 M.W.) For (b), the possibility of
free radical coupling with the PEI can be excluded (both systems
were already oxidised and then quenched), so interaction of
quinone (the dominant oxidation product in each case) with the
PEI to form a precipitate is indicated. For (a), the possibility
of a free radical coupling mechanism does exist and the TOC
reduction is observed to be greater in this case.

In summary, the preceding data suggest that, in addition to
the hydrogen bonding and charge neutralisation effects which
have been demonstrated by other workers for the interaction of
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humic material with PEI, the oxidation of phenols with Fenton's
reagent in the presence of PEI could also form adducts by
reaction with quinone intermediates (especially 1,2-benzoquinones)
and further by free radical coupling of aryloxy free radicals
derived from the phenol with nitrogen free radicals derived
from the PEI. Some idea of the relative contributions of aryloxy
radical coupling and quinone coupling during formation of
adduct with PEI can be obtained from Figures 28-33. In all
cases, for similar Fenton's and PEI dose rates and reaction
times, the residual TOC when 1,2-dihydroxybenzene is the starting
material is less than when phenol is the starting material. The
former already has two hydroxyl groups on the aromatic ring
and hence is readily oxidised to quinone. Moreover, these
two electron donating groups would facilitate aryloxy radical
formation. Both mechanisms of adduct formation would thus be
assisted, but especially the former.

In agreement, Table 14 and Fig. 28 show identical reductions in
TOC for aerial oxidation and for Fenton's reagent oxidation
(dose rate 2) of 1,2-dihydroxybenzene (initial TOC 211 mg/L) and
[PEI] = 50 mg/L.

In the case of phenol, only the aryloxy radical coupling
mechanism is available initially, and the lower extent of TOC
reduction in this case suggests that the aryloxy radical
mechanism is a significant, but not dominant, pathway for adduct
formation. Further confirmation of the relative importance of
these mechanisms was sought by studying the stoichiometry and
stability of the insoluble adducts.
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2.3.1

Properties of Oxidized phenol/PEI Precipitate

In the normal Fenton's reagent oxidation of phenol the ratio of
1,2-dihydroxybenzene to 1,4-dihydroxybenzene is 3:1 (Stein and Weiss,
1951) which is reversed if the Fe3+ formed is chelated by fluoride or
phosphate ion. A further effect of the Fe3+ chelation is that quinones
are inhibited from forming. It has been shown that the presence of
phosphate ion inhibits the Fenton's reagent oxidation of phenol (and
subsequent precipitate formation) whilst the radiation induced oxidation
is unaffected.

Clearly an oxidized 1,2-dihydroxyfunction is indicated as one likely
source of interaction with PEI but precipitate formation is not limited
to this group only, since aerated hydroquinone (probably giving rise to
1,4-benzoquinone) also forms a precipitate with PEI.

It has been shown earlier (1.3.2) that humic substances may be
produced from the mild oxidation of 1,2-dihydroxybenzene and that humic
material could be precipitated by PEI (Glaser and Edzwald, 1979). PEI

has also been used to remove colour from kraft pulp bleach plant effluent
(Kisla and McKelvey, 1978).

Concentrations an order of magnitude greater than those in the present

study were used, but this was probably necessary due to the strength of t

extracts investigated, since they noted that when excess PEI was used, co
removal actually decreased which is in accord with the present work - a

suspended precipitate being produced which is filterable but will not set
readily. The choice of MW 1800 PEI was unfortunate since high MW
polyamines are more efficient in TOC (and colour body) removal.
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It has been shown earlier (2.2) that the Fenton's reagent oxidation
of phenol and certain substituted phenols produces a settleable
precipitate with PEI. Four of the twelve major chemical structures
considered to be the "building blocks" of humic acids have the

1,2-dihydroxy structure previously shown to be essential for precipita

with PEI. The major phenolic degradation products of humic acids includ
1,2-dihydroxybenzene carboxylic acid and 1,2,3-trihydroxybenzene

carboxylic acid. The aerial oxidation of 1,2-dihydroxybenzene and other
polyphenols having these substitution patterns have been shown to
produce similar precipitates with PEI following aerial oxidation. The
nature of these precipitates will now be examined. Although there are
structural similarities between polyhydroxyphenols and humic material,
the stability of the adduct formed in the present case differs
appreciably from the humic acid-PEI precipitate.

The following analytical tests were performed on the precipitate
to characterize it more fully. Replicate preparations (n=3) of the

oxidized phenol-PEI precipitate from each of the three phenols (phenol,

1,2-dihydroxybenzene, 1,4-dihydroxybenzene) gave products having C/N
mass ratios (Table 15) (mean, range) of 7.1, 6.50-7.50; 8.1, 6.74-9.79

and 7.6, 6.42-9.29 respectively. Given the variability in the C/N ratio

replicate preparations from a given phenol, the differences between the
respective mean values are not significant.
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Table 15. Microanalytical C, H, N, analyses of precipitates.*
Produced by Fenton's oxidation or aeration

% C

% H

%N

C/N

phenol
(PEI)

45.3

4.5

6.4

7.1

1,2-dihydroxybenzene
(PEI)

44.4

4.3

5.5

8.1

1,4-dihydroxybenzene
(PEI)

44.7

4.4

6.0

7.5

2,4-dimethylphenol
(PEI)

36.1

4.6

4.1

6.6

2,6-dimethylphenol
(PEI)

41.1

4.6

3.7

6.3

phenol
(PPI)
aerated 1,2-dihydroxybenzene
(PEI)

48.1

5.9

7.5

6.4

51.1

6.2

12.6

4.1

aerated 1,2,4-trihydroxybenzene
(PEI)

50.5

4.8

9.9

5.1

* All phenols 2.5 x 10~3M and polyamines 1.4 x io~ M.

The results for the 2,6-dimethylphenol and the 2,4-dimethylphenol

precipitates give essentially the same C/N ratio as that of the three
phenols above. The polypropyleneimine (PPI) precipitate gives a C/N
ratio of the same order as that obtained from PEI. Clearly, the
precipitates produced by aeration of 1,2-dihydroxybenzene and
1,2,4-trihydroxybenzene with PEI have a considerably different
stoichiometry with C/N values of 4.1 and 5.1 respectively.
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It is clear that the adducts are not strictly stoichiometric,
although a continuous variation experiment using a range of PEI
concentrations and a fixed concentration of 1,2-dihydroxybenzene gave

precipitates of fairly constant C/N mass ratio and suggest that approxi

one quinoid unit is being bound per repeating unit of the polyelectrolyt
(Table 16). Calculated C/N mass ratios for 1:1 adducts of PEI with
1,2-benzoquinone, 2,3-diketobenzodioxin and 2,5-dihydroxy-1,4benzoquinone are 6.9, 12.0 and 6.9 respectively.

Table 16. Continuous variation study with oxidized
1,2-dihydroxybenzene* plus PEI
PEI concentration 10"3M

0.7

1.4

2.3

1,2-dihydroxybenzene/PEI mole ratio

3.6

1.8

2.2

Carbon/nitrogen ratio of precipitate

7.7

9.0

6.1

* 1,2-dihydroxybenzene 2.5 x 10~3M.

In addition to its organic content, the precipitate formed with
the PEI carries down the iron added as Fe2+ in the Fenton's reagent;
the supernatant from oxidized 2,6-dimethylphenol/PEI contained less
than 1.0 mg/L of iron. The iron is evidently removed by flocculation
of its hydrolysis product, colloidal ferric hydroxide, which is the
final iron species when all of the Fenton's reagent has been consumed.
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An aqueous solution of ferrous ammonium sulphate did not form a
precipitate with PEI and neither did a fresh mixture of Fenton's reagent
and PEI. This does not exclude the possibility of phenol - PEI
interaction in solution (see section 1.5), but any such interactions
are not relevant to the question of precipitation of a PEI/oxidised
aromatic adduct.

The PEI adduct is insoluble in the usual organic solvents but
dissolves in strong acids (HC1, HN03, CF3C00H). Direct insertion
mass spectrometry (C.I.; 0.5-1.0 Torr. isobutane) gave no change in
total ion current over the probe temperature range 50-300°C which
indicates low volatility and high thermal stability. This was verified
by thermogravimetric analysis of the adduct which gave no useful data
other than a slow decomposition from 330°C. I.R. examination of the
adduct in KBr and Nujol gave no absorption peaks other than a very
weak asymmetric CH2 stretch at 3000 cm-1. N.M.R. spectra of the adduct
dissolved in CF3COOH gave no signal, presumably due to the unfavourable
relaxation properties associated with very high molecular weight
material.

The high stability of the adduct formed between oxidized phenol and
PEI indicates that hydrogen bonding, whilst possibly occurring, is not
the dominant binding force. Charge neutralization, as noted with the
interaction of humic substances (Glaser and Edzwald, 1979) or the
binding of the primary and secondary amine functions of PEI molecule
with the formation of imine linkages similar to that postulated by
Parris (1980) and/or covalent bond formation by free radical coupling
between aryloxy free radicals (from the oxidised phenol) and nitrogen
free radicals (from the PEI) are favoured.
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2.4

POTENTIAL APPLICATIONS OF OXIDATION/PRECIPITATION PROCESS

The exhaustive oxidation of high strength phenolic effluents with
Fenton's reagent as a chemical treatment has many potential advantages
which include:
(i) the use of non-hazardous and relatively low cost reagents.
(ii) the production of low toxicity biodegradeable intermediates.
(iii) the production of gaseous and liquid products (carbon
dioxide and water),
(iv) engineering requirements are not complex and are relatively
inexpensive.

However, as shown by Eisenhauer, consumption of hydrogen peroxide
is high (Sisenhauer, 1964) and exhaustive oxidation would be an
expensive process. An alternative to exhaustive chemical oxidation
is the mild oxidation of phenols with Fenton's reagent and the
precipitation of early oxidation products with PEI. Hydroxylation of
the phenol to produce the'1,2-dihydroxy function is effected chemically
with Fenton's reagent. The formation of precipitate with PEI can then
be produced by aeration at elevated pH.

The production of 1,2-dihydroxybenzene is enhanced by reduced
doses of Fenton's reagent (with subsequent lower reagent costs). Even if
this chemical hydroxylation of phenol proceeds past 1,2-dihydroxybenzene
to 1,2,3- and 1,2,4-trihydroxybenzenes precipitates are still formed
following aeration in the same manner as 1,2-dihydroxybenzene.
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Clearly, not all phenols are amenable to treatment with this
oxidation/precipitation process but, provided a 1,2-dihydroxy
structure can be formed, the effect of deactivating substituents can
be overcome by either longer reaction times or increased strength of
the Fenton's reagent. Most natural waters are low in phosphate but
many effluents contain an appreciable concentration of phosphate.
For instance the production of phenol itself from cumene hydroperoxide
uses phosphoric acid (H3POH) as a catalyst (Tedder and Nechvatal, 1966).
Hypophosphorous acid (H3P02) is also used as a reducing agent for the
diazonium ion, the azo bond and certain other organic linkages and
effluents from the manufacture of dyestuffs and fine chemicals might
occasionally contain high phosphate concentrations. Effluents arising
from such processes could not be treated in this manner but in the
vast majority of effluents, inhibition by phosphate will not be a
problem. Similarly, the presence of significant amounts of sulphate
or other coagulating ions in specific effluents may inhibit the phenol
removal process by precipitating the polyelectrolyte. However, at
the PEI concentrations likely to be used, it is thought that this will
not be significant. Effluents having a high buffer capacity combined
with a pH which is outside the optimum for Fenton's reagent ('vpM) would
be expensive to neutralise but such acid or alkali addition would be
required in any event prior to eventual discharge, regardless of
the phenol detoxification procedure adopted.

On an industrial scale the aerial oxidation of a phenol solution
which had first been partially oxidized by chemical means could be
achieved by mechanical means using an agitator rotating at, or near,
the surface of the aeration tank. Powerful circulation is induced as

130

aerated liquor is thrown in a low trajectory towards the sides of
the tank and is then replaced by liquor drawn from the bottom of
the tank. These aeration devices are primarily used in activated
sludge processes. After only 30 minutes aeration at pH 11 with
30 mg/L PEI present the pH should be reduced to 7 to allow the
precipitate to form and settle. The supernatant could then be drawn
off, the precipitate removed in a filter press, and the treated
solution fed to the biological treatment process. If this solution
was stored in a tank farm following aeration, the same aeration/mixing
tank could be utilized in both processes. The efficiency of the
biological process would be improved since a uniform influent would
be constantly available from the tank farm and the problems of shock
loadings would thereby be eliminated.

It can be seen that the oxidation/precipitation process described
in this thesis could be readily incorporated as a pre-treatment for
a conventional activated sludge process.

2.5 FURTHER WORK

The determination of the precise chemical species which give
rise to precipitate formation with PEI by the use of pyrolysis - gas

chromatography - mass spectroscopy merits further investigation despite
the pseudo stoichiometric constitution of the precipitates. The
precipitates of the chemically oxidized substituted phenols and

aerated polyhydroxyphenols with PEI must have a common chemical structu
(the 1,2-quinone structure suggested here) which could possibly be
probed using these techniques. The structure of the products from the
decomposition of 1,2-benzoquinone itself in water are not known and
might shed further light on the structure of the PEI adduct.
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After this has been established the mechanism of precipitate
formation of these species with PEI should be determined to see if it
is kinetically or equilibrium controlled. This could be achieved by

varying both the order and rate in which the ferrous salt and hydrogen

peroxide are added to the phenol/PEl solution. The iodate oxidation of

1,2-dihydroxybenzene in the presence of PEI should form the precipitat
in copious quantities since the presence of 1,2-benzoquinone as the

primary intermediate in this oxidation has been established (Adler and
Magnusson, 1959).

Once the mechanism has been established, more efficient
polyelectrolytes could be selected on theoretical grounds and tested
experimentally. In particular, the use of polyvinypyrrolidone as a
substitute for PEI is worthy of investigation. Actual industrial
effluents should also be treated with the oxidation-precipitation
process to determine any limitations of the process when used in a
non-ideal situation.

CHAPTER 3
EXPERIMENTAL
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3.1

EQUIPMENT

Temperature was maintained at 25 1 0.3°C with a thermostatted

water bath. A radiometer G202 electrode combined with a Radiometer K

calomel electrode was used to measure pH which was maintained by the

automatic addition of 0.1 N sodium hydroxide using a Radiometer TTTI

Titrator and Radiometer ABU11 Autoburette. For HPLC analyses an Alte
model 110A pump was used with a Waters Associates u-Bondapakphenyl
column and a Hitachi model 100-10 detector with 20 UL flow cell. To

preserve the life of the analytical column a pre-column was used. Th

was repacked with the packing material used in the analytical column

after every 100 sample injections. Total organic carbon analyses wer
performed using a Dohrmann DC-50 Organic Analyzer modified by the
addition of a helium carrier gas humidifier, a Dohrmann model ABI-2
magnetically coupled injection system and temperature stabilized
electronics.

3.2 MATERIALS

(i) Hydrogen Peroxide

A 16% w/w stock solution was prepared daily from AJAX Unilab,

stannous chloride stabilized hydrogen peroxide which was standardize
weekly by titration with potassium permanganate.

(ii) Ferrous Ammonium Sulphate

A 4% w/w stock solution was prepared monthly from AJAX Univar

133

ferrous ammonium sulphate and 0.1 N AJAX Univar sulphuric acid. A fresh
sample of this stock solution was used daily.

(iii) Phenols

All phenols used in this study were commercially available reagent

grade or better, and used without further purification to provide stock
solutions of 2.5 x io~3M. The identity and purity of each phenol was

confirmed by GC/MS analysis and the aqueous concentrations were checked
by TOC analysis.

(iv) Polyelectrolytes

The polyethyleneimine (PEI) used was Polysciences 40,000-60,000 MW
and a 2% w/w stock solution was prepared monthly.

Molecular weight effects were investigated with Polysciences PEI
of molecular weight 600 and 1800 diluted to the same concentration as
the high molecular weight PEI above.

The polypropyleneimine (PPI) used was obtained from ICN

Pharmaceuticals. The molecular weight of this polymer was not determine
by the manufacturer but was determined to be of the same order as the
40,000 to 60,000 molecular weight PEI by an osmotic pressure
determination using a Hitachi molecular weight apparatus.

Before any of these polyelectrolyte stock solutions were used their
concentrations were checked by TOC analysis. Fresh samples were used
daily.
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3.3

OXIDATION PROCEDURES

(i) Fenton's Reagent

A 200 mL aliquot of phenol stock solution was thermostatted, stirred
magnetically and the pH was maintained at 4.0 + 0.1 by the pH stat. If
required, a polyelectrolyte aliquot was added first and the pH was
adjusted back to 4.0. The ferrous ammonium sulphate aliquot was then
added followed by pH readjustment and then the reaction was commenced
immediately by the addition of the hydrogen peroxide. After a selected
reaction time in the range 5-60 minutes an aliquot (10 mL) from the

reaction mixture was quenched by addition to an aliquot of aqueous sodiu

sulphite in a sample vial. The molar concentration of sodium sulphite in

this quenched mixture was chosen to be twice that of the initial hydroge

peroxide concentration in the phenol solution. The samples were filtered
through a 0.45 um membrane filter prior to examination by HPLC and TOC
analysis. The following fixed dose rates were used:
[Fe2+]

Dose Rate

[H202]

1

6.4

x 10~5M

2.94 x 10~3M

2

1.28 x 10-**M

5.88 x 10"3M

3

2.55 x 10-,*M

1.18 x 10_2M

4

3.83 x lO^M

1.77 x 10_2M

(ii) Aeration

A 200 mL aliquot of the phenol stock solution was thermostatted,
stirred magnetically and the pH was maintained at 11.0 1 0.1 by the pH
stat.
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(a) Aeration in presence of polyelectrolyte

The required aliquot of the selected PEI was added prior to
adjusting the pH. The solution was then aerated with CIG Industrial
Grade Air via a sintered glass frit. The flow rate was maintained at
approximately 1.0 L/min by a CIG Medishield TM143 flow controller.
Evaporation losses were minimized by sealing the aeration vessel with
Parafilm. Aliquots were removed at the indicated times, the pH being
reduced to 7.2 by the addition of 0.1 N H SO^. These aliquots were
(i) sedimented with an equal volume 1% silica suspension and
kept 12 hours, or
(ii) filtered after 12 hours.

(b) Aeration prior to adding polyelectrolyte

At the completion of aeration the pH was adjusted to 3.0 with 0.1 N
HjSO^. Aliquots of the phenol were then taken and dosed with the

appropriate amount of each molecular weight PEI to give PEI concentrat
of 10, 20, 30, 40, 50, 80 and 100 mg/L. The pH was then adjusted to

that desired and the solutions were then allowed to stand before eithe

filtration or sedimentation with an equal volume of 1% silica suspensi
to flocculate the PEI.

(iii) Gamma Irradiation Procedure

The gamma irradiation facility at the Australian Atomic Energy

Commission was used for this part of the work. Spent fuel rods from th
main reactor are stored in an irradiation pond and the samples were
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placed in a waterproof metal cylinder and lowered into this pond for

the time necessary to provide the required radiation dose. The samples

of phenol and phenol/polyelectrolyte were sealed in glass ampoules and
received 5 x io6rad dose at 1.8 x l06rad per hour dose rate.

3.4 ANALYTICAL

HPLC was performed isocratically using the following mobile phases:
(i) Methanol/. 001 M KI^PO^(2:3) for routine quantitation of all
phenols except 2,6-dimethylphenol, 2,4-dimethylphenol and
4-t-butylphenol where
(ii) Methanol/.001 M KH2P04(4:1) was used for their routine
quantitation.
(iii) Methanol/.001 M lO^PO,, (3:17) for better resolution of the
oxidation products but with a corresponding loss of
sensitivity for the phenolic component.

The peaks were detected at 280 nm and were displayed on a Rikadenki

chart recorder set to 10 mV full scale deflection and a chart speed of
0.5 cm/min. Using mobile phases (i) and (ii) at 2.0 mL/min flow rate,
all phenols eluted in under 4 minutes and had detection limits of
1 mg/L or better.

The precision of replicate determinations (n=3) of stock solutions
of phenols used are given in Table 17.
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Table 17:

Analytical precision of HPLC analyses

Phenol

% Relative Standard Deviation (n=3)

phenol

1.0

1,2-dihydroxybenzene

0.7

1,4-dihydroxybenzene

2.2

4-methoxyphenol

0.8

4-t-butylphenol

2.1

4-nitrophenol

0.9

4-chlorophenol

2.0

4-methylphenol

1.4

2,4-dimethylphenol

1.6

2,6-dimethylphenol

2.6

4-chloro-3,5-dimethylphenol

0.7

3,5-dimethylphenol

1.4

2,4,6-trichlorophenol

1.0

2,3,5,6-tetramethyIphenol

0.5

The TOC Analyzer was calibrated daily (or after every 30 sample

injections) using acidified potassium hydrogen phthalate (equivalent
180 mg/L of TOC). An injection volume of 30 yL was used for both

calibration and analysis. Replicate TOC determinations (n=5) of stoc
phenol solution gave a relative standard deviation of 0.7%.C,H,N

microanalyses were by Australian Microanalytical Laboratory, Melbour
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Carbon dioxide determinations were performed using an Orion model
95-02 carbon dioxide gas sensing electrode together with an Orion
model 901 ionanalyser. The electrode was calibrated using standards

of 10 and 100 mg/L of carbon dioxide. The oxidised mixture was analyz
15 minutes after addition of hydrogen peroxide or when the
concentration of carbon dioxide in solution was a maximum.

3.5 IDENTIFICATION OF OXIDATION PRODUCTS

25 mL of solution was extracted twice with 5 mL of ethyl acetate

which was previously saturated with water. The combined extracts were
then dried with anhydrous sodium sulphate. 1 mL was then removed and
allowed to evaporate in a reactivial without blowing down under N2 to

minimize loss of volatile components. The residue was silated by addi
50 UL BSTFA and heating at 60°C for 30 minutes. A 1.0 UL aliquot was

then injected into a Becker-Packard 419 GLC utilizing a 25 metre SE-3

glass support coated open tube (G-SCOT) column. Peaks were detected o

flame ionization detector. EI/CI mass spectra of the eluate peaks wer
then taken using a computer controlled Dupont magnetic sector
spectrometer.

3.6 SYNTHESIS OF POLYVINYLAMINE (PVAm)

The polyvinylamine used (PVTun) was prepared using the following
procedure (Tanaka and Senju, 1976) .

Sodium hypochlorite (2 M; 15 ml and 2.5 M in NaOH) was cooled to
-5°C and added to 35 q of 1.5% polyaery1amide solutipn (PAM) with
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vigorous stirring. The mixture was cooled rapidly to -10°C and stirred
for a further 10 minutes. Sodium hydroxide (10 M; 20 mL) , cooled to

-15°C, was added and the resultant mixture was stirred for 3 hours at

a temperature of -10 to -15°C. The mixture was then warmed to 0°C and
maintained at this temperature overnight.

The polymer was isolated by pouring the solution into a 4-fold
amount of methanol. The resulting precipitate was dissolved in about

30 mL of water and 6 M HC1 was added dropwise with stirring. The poly
precipitated, but slowly redissolved upon vigorous stirring. The HC1

added slowly during this period to maintain the pH at 2. The resultan
solution was poured into a 4-fold amount of methanol. After standing

for 30 minutes, the precipitate was filtered, washed with methanol an

dried in vacuo over P205. The resulting solid is PVAm hydrochloride an
is very hygroscopic.

3.7 Synthesis of 1,2-benzoquinone

This was prepared by the following procedure (Brockhaus, 1968).

lg of 1,2-dihydroxybenzene dissolved in 65 mL of chloroform was added
to 130 mL of 20% sulphuric acid containing 7.34g of eerie sulphate
(CetSO^h.4H20). The mixture was shaken vigorously for a
few seconds, then shaken again with 10% of the theoretical amount of

eerie sulphate at 0°C. The chloroform extract was then separated from
the aqueous phase, washed with 0.0IN sulphuric acid and dried over
sodium sulphate.
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